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Liquid Nanocrystals >> 


In high-resolution transmission electron microscopy, grid materials are used to 
support solid samples while providing a means for preventing a build-up of static 
charge. Liquids are difficult to study at the same atomic resolution and require 
encapsulation to prevent excess sample movement, sample damage, or evapora- 
tion. Materials that have been used for liquid cells, like silicon nitride or silicon 
oxide, need thick layers and have poor electron transmittance at the thicknesses 
required because they contain high atomic number elements. Yuk et al. (p. 61; 
see the Perspective by Colliex) show that liquids can be encapsulated in gra- 
phene sheets, and through this technique, they studied the formation of plati- 
num nanocrystals with atomic resolution. The crystals could be tracked as they 
selectively coalesced, modified their shape, and formed surface facets. 


Some Sort of Species 


Certain populations of bacteria are known to show 
ecological differentiation, but how this happens 
has remained controversial. Shapiro et al. (p. 

48; see the Perspective by Papke and Gogarten) 
examined whole-genome sequences from ecologi- 
cally divergent Vibrio populations and found that 
genes and genome regions containing so-called 
“eco-SNPs” (single-nuleotide polymorphisms) 
have swept through populations. These regions 
differentiate the bacteria genetically, apparently 
according to the type of substratum on which 

they live. Subsequently, tight genotypic clusters 
may have emerged as a result of preferential re- 
combination occurring within particular habitats. 
Although specialization into different habitats may 
reduce gene flow between bacterial populations, 
the bacteria will always remain open to taking up 
DNA from other populations and so they cannot 
be said to be species in the eukaryotic sense. 


All Set for Majoranas 


When put in the proximity of a superconduc- 
tor, topological insulators (Tls) are expected to 
support Majorana fermions, exotic particles that 
are their own antiparticles. 
For this to be realized, the 
interface between the Tl and 
superconductor layers has to 
be atomically sharp but elec- 
tronically transparent. Wang 
et al. (p. 52, published online 
15 March) fabricated this het- 
erostructure by growing a film 
of the Tl material Bi,Se, on the 
superconductor NbSe, covered with a Bi bilayer. 
Scanning tunneling spectroscopy revealed a 
superconducting gap on the TI surface of the het- 
erostructure with varying thickness of the Bi,Se, 


film. This coexistence of superconductivity and 
topological order should now allow observation of 
exotic phenomena such as Majorana fermions. 


Here, There, Everywhere 


Random walks are a powerful mathematical 
method that can be used to simulate certain 
processes in biology, chemistry, or even the 
stock market. They present a statistical method 
for mapping the possible routes that processes 
can take. Quantum walks are expected to be 
able to probe multiple paths simultaneously. 
Quantum walks have been demonstrated for 
one-dimensional, or straight-line, walks. Now, 
Schreiber et al. (p. 55, published online 

8 March) demonstrate an optical system that can 
simulate quantum walks over a two-dimensional 
system, thereby providing the capability of 
describing much more complex processes. 


Changing Polarization 
with Applied Stress 


The direction of electric polarization in ferroelec- 
tric materials can be switched with an applied 
field, but mechanical stresses can also couple to 
the polarization, forming the basis for piezoelec- 
tric effects. In principle, it should be possible to 
change the polarization of a ferroelectric material 
mechanically through stress gradients. Lu et al. 
(p. 59; see the Perspective by Gregg) demon- 
strate such switching for nanoscale-sized regions 
created by the stress induced with an atomic force 
microscope. The substrates are single-crystalline 
barium titanate films that have a vertically aligned 
dipole moment created by compressive stresses 

in the film. This approach may lead to memory 
devices in which bits are written mechanically but 
read electrically. 


Copper-Bottomed Crust 


The formation of volcanic arc chains near subduc- 
tion zones brings large amounts of magma from 
the upper mantle to the crust, contributing to the 
formation of island chains in the ocean and add- 
ing material to continents. Over time, arc magmas 
also contribute indirectly to the composition of the 
oceans and atmosphere through outgassing and 
weathering of volcanic minerals; however, it is un- 
clear what determines the oxidized nature of arc 
magmas themselves. Lee et al. (p. 64) measured 
Cu contents in a range of arc-derived volcanic 
rocks as a proxy for arc magma redox states. 

An overall depletion of Cu, which is sensitive to 
reduced sulfur contents, in global continental 
crust suggests that there is a hidden reservoir of 
copper-rich sulfides deep in Earth's interior. 


Coming Late to 
the Planetesimal 


Highly siderophile (iron-loving) elements (Re, Os, 
Ir, Ru, Rh, Pt, Pd, and Au) must have been added 
to the mantles of Earth, the Moon, and Mars after 
their iron cores formed; otherwise the mantles 
would be devoid of these elements, which tend to 
be segregated to the core. Dale et al. (p. 72) re- 
port data on highly siderophile elements in rocks 
from different planetary bodies, including asteroid 
4 Vesta and other differentiated asteroids, which 
are representative of the planetesimals from which 
the solar system planets formed. Like the larger 
planetary bodies, differentiated asteroids, which 
formed over the first few million years of the solar 
system, bear the evidence of the late addition of 
highly siderophile elements to their mantles. Thus, 
this process was not unique to Earth, the Moon, 
and Mars and happened over an extended period 
of time in the inner solar system. 
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Tic TOC1 Plant Clock 


The molecular clocks intertwined with cellular physiology regulate daily cycles. In plants, these circa- 
dian rhythms affect processes as diverse as carbon metabolism and leaf orientation. Huang et al. 
(p. 75, published online 8 March) have now analyzed the interactions driven by a key element of the 
circadian clock in plants, TOC1 (“TIMING OF CAB EXPRESSION 1”). TOC1 helps to coordinate responses 
of the morning and evening cycles, functioning to repress activity of other clock components. 


Narrowing Down 
Artemisinin Resistance 


Knowing that antimalarial drug resistance is 
characterized by selective sweeps and reduced 
diversity around resistance mutations, Cheeseman 
et al. (p. 79) looked for signatures of selection 

in a modified genome-wide association study in 
parasite populations from Cambodia, Laos, and 
Thailand. Thirty-three regions showed evidence 

of selection and enrichment of known antima- 


larial resistance genes. Fine-mapping of parasite 

samples taken during the past decade narrowed the association down to a 35-kb region of seven genes 
on chromosome 13 that seemed to explain at least 35% of the observed reduction in parasite clear- 
ance rate. However, the absence of strong candidate mutations suggests the involvement of noncoding 
regulatory mutations. 


Macrophage Development Rewritten 


Macrophages provide protection against a wide variety of infections and critically shape the inflam- 
matory environment in many tissues. These cells come in many flavors, as determined by differences 
in gene expression, cell surface phenotype and specific function. Schulz et al. (p. 86, published 
online 22 March) investigated whether adult macrophages all share a common developmental 
origin. Immune cells, including most macrophages, are widely thought to arise from hematopoietic 
stem cells (HSCs), which require the transcription factor Myb for their development. Analysis of Myb- 
deficient mice revealed that a population of yolk-sac—derived, tissue-resident macrophages was able 
to develop and persist in adult mice in the absence of HSCs. Importantly, yolk sac—derived macro- 
phages also contributed substantially to the tissue macrophage pool even when HSCs were present. 


IL-22 Protects the Thymus 


One of the side effects associated with radiation treatment and some types of chemotherapy is 
damage to the thymus. Immunological T cells develop in the thymus, and so damage to this organ 
results in immunodeficiency and increased susceptibility to infectious disease. Although the organ 
eventually recovers, therapies that speed this recovery process are of interest. Dudakov et al. (p. 91, 
published online 1 March; see the Perspective by Bhandoola and Artis) now show in mice that in- 
terleukin-22 (IL-22) production in the thymus is increased in response to radiation damage and that 
this cytokine promotes thymic repair. After radiation treatment, IL-23 production by thymic dendritic 
cells induced IL-22 secretion by a population of radio-resistant innate lymphoid cells. IL-22 appeared 
to mediate its effects by promoting the survival and proliferation of thymic epithelial cells. 


Looking for Greener Pastures 


Humans, like other animals, have evolved to forage. Brain-imaging studies by Kolling et al. (p. 95) 
suggest that activity in the dorsal anterior cingulate cortex supplies a continuous signal of environ- 
mental richness predicted by foraging theory. The signal exhibits a frame of reference that is tied to 
the key foraging decision of whether to engage with the current choice or to search for alternatives. 
The same strategy is used when humans are making other types of decisions. In contrast, the ventro- 
medial prefrontal cortex, a brain region that lacks any signals pertinent to foraging, encodes choice 
values in a manner uninfluenced by environmental richness. 
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Why Statistics? 


POPULAR MEDIA AND SCIENCE PUBLICATIONS SOUND THE DRUM: “BIG DATA” WILL DRIVE OUR 
future, from translating genomic information into new therapies, to harnessing the Web to 
untangle complex social interactions, to detecting infectious disease outbreaks. Statistics is the 
science of learning from data, and of measuring, controlling, and communicating uncertainty; 
and it thereby provides the navigation essential for controlling the course of scientific and soci- 
etal advances. This field will become ever more critical as academia, businesses, and govern- 
ments rely increasingly on data-driven decisions, expanding the demand for statistics expertise. 

The melding of science and statistics has often propelled major breakthroughs. Last year’s 
Nobel Prize in Physics was awarded for the discovery of the accelerating expansion of the uni- 
verse. That discovery was facilitated by sophisticated statistical methods, establishing that the 
finding was not an artifact of imprecise measurement or miscalculations. Statistical methods 
also allowed the trial demonstrating that zidovudine reduces the risk of 
HIV transmission from infected pregnant women to their infants to be 
stopped early, benefiting countless children. Statistical principles have 
been the foundation for field trials that have improved agricultural qual- 
ity and for the randomized clinical trial, the gold standard for compar- 
ing treatments and the backbone of the drug regulatory system. 

Statistics often informs policy development. For example, in the 
United States, billions of dollars are allocated to school districts based 
on county-specific estimates of income and poverty, derived by com- 
bining data using statistical methods. In evaluating pollutants, statisti- 
cal modeling isolates true associations with illnesses and deaths. Big 
Data payoffs can be enormous, but there are many pitfalls. Take the 
promise of personalized medicine: Achieving this goal will require the 
integration of vast landscapes of genomic, clinical, and related data 
from legions of patients. The potential for false discovery looms large. 
New statistical methods will be needed to address some of these issues. Similar challenges arise 
from the haystacks of information on social network, time-use, economic, and other activities 
that can be mined to benefit science, business, and society. Close collaboration with statisticians 
is the best way to ensure that critical issues are identified and solutions found. 

A dramatic increase in the number of statisticians is required to fill the nation’s needs for 
expertise in data science. A 2011 report by a private consulting firm projected a necessary 
increase of nearly 200,000 professionals (a 50% increase) by 2018.* Graduates specializing in 
statistics are equipped with skills that allow them to pursue diverse careers, and there has beena 

. surge in applications for graduate education in these fields. But available 

0 nN | | nN @ places are limited; for example, the ratio of qualified applicants to slots in 

sciencemag.org the Johns Hopkins Biostatistics program exceeds 10 to 1. Resources must 
listen tothe be found to expand the number and size of graduate programs. 

& author podcast at No amount of statistical intervention can circumvent flawed subject- 
http://scim.ag/ed_6077 matter models or salvage valid conclusions from poorly designed stud- 

ies, and even sound statistical analysis may fail to yield straightforward 
answers. The future demands that scientists, policy-makers, and the public be able to interpret 
increasingly complex information and recognize both the benefits and pitfalls of statistical anal- 
ysis. It is a good sign that the new U.S. Common Core K-12 Mathematics Standards? intro- 
duce statistics as a key component in precollege education, requiring that students be skilled 
in describing data, developing statistical models, making inferences, and evaluating the conse- 
quences of decisions. Embedding statistics in science and society will pave the route to a data- 
informed future, and statisticians must lead this charge. 
— Marie Davidian and Thomas A. Louis 


10.1126/science.1218685 


*www.mckinsey.com/Insights/MGI/Research/Technology_and_Innovation/Big_Data_The_Next_frontier_for_innovation. 
twww.corestandards.org. 
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Triplets Proliferate 


If a normal material is sandwiched between two 
superconductors, Cooper pairs—the electron 
pairs of opposite spin that cause supercon- 
ductivity—can tunnel through it, forming a 
supercurrent. If, however, the middle material 
is a ferromagnet, it will tend to align the spins 
of the electron pairs, drastically reducing the 
supercurrent. One way around this is to use an 
inhomogeneously magnetic material, which 
can help to create a triplet supercurrent, where 
the pairs have parallel spin—a phenomenon 
rarely observed in natural materials. Klose et 
al. show that by applying an in-plane magnetic 
field to a junction with two magnetic materials, 
Co and Ni, the value of the supercurrent can be 
increased up to 20 times. When the magneti- 
zations of the junction materials are parallel, 
no triplet supercurrent should be observed; 
the more orthogonal they are, the larger the 
supercurrent. Polarized scattering and micros- 
copy experiments showed that the in-plane field 
caused a spin-flop transition in the Co layers, 
enhancing orthogonality with the Ni layers and 
thus increasing the supercurrent, making it 
possible to control these junctions with external 
magnetic fields. — JS 

Phys. Rev. Lett. 108, 127002 (2012). 


No Fix for Broken Ends 


Cells that suffer DNA damage temporarily stop 
dividing until the damage has been repaired or 
removed. If DNA damage cannot be repaired, 
cells enter a state of cellular senescence to 
avoid progressing to a tumorigenic state. Cellu- 
lar senescence, however, has also been causally 
linked with aging. 

In an effort to understand possible sources 
of persistent DNA damage, Fumagalli et al. 
show that our genomes are differentially sus- 
ceptible to being repaired. Although senescent 
cells are capable of repairing damage, they 
cannot do so when the damage is localized 
near the ends of our linear chromosomes. 
Chromosomes are capped by specialized 
structures known as telomeres, which consist 
of multiple DNA repeats bound by a protein 
complex (shelterin) that protects the ends from 
inadvertently being recognized as DNA dam- 
age. Indeed, the presence of telomeric DNA 
repeats or one of the shelterin proteins (TRF2) 
near DNA damage interferes with the normal 
repair process, which results in persistent DNA 
damage signaling. Persistent damage also ac- 
cumulates at telomeres (which themselves have 


Bacteria Hedge Their Bet$ 


Antibiotic treatment may be thwarted by bacteria, not only because molecular mechanisms of 
resistance are acquired and selected, but also because persister cells withstand the onslaught 
by becoming dormant. We know persister-cell formation occurs as bacterial populations move 
from log to stationary-phase growth, but little else. Vega et al. have implicated the bacterial 
signalling molecule indole in the enhancement of persistence to various antibiotic treatments 
by monitoring the formation of persisters and their transcriptional responses to indole. Gene 
expression in the oxidative stress regulator and phage-shock pathways increased, but drug ef- 
flux systems did not, suggesting that molecular antibiotic resistance pathways were not being 
induced in these conditions. Knocking out these genes resulted in less persistence. Activation of 
these responses, via indole signalling induced by low-level antibiotic exposure or other stress, 
may thus prepare a proportion of the bacterial population for further unpredictable and poten- 
tially harmful events—a form of “bet hedging.” — CA 

Nat. Chem Biol. 8, 10.1038/nchembio.915 (2012). 


not become critically shortened) in aging ba- 
boons, linking DNA damage at repair-resistant 
telomeres with aging. — GR 

Nat. Cell Biol. 14, 10.1038/ncb2466 (2012). 


isolated the most abundant species of fungi 
growing in the black stains between 2008 and 
2011, before and after biocide treatments, to 
determine how the community structure has 
changed over time. Clone libraries constructed 


communities were dominated by one spe- 

cies; however, after treatment, fungal diversity 
substantially increased. In 2010 and 2011, the 
communities were again different, with the new 
community dominated 
by, among others, closely 
related black yeasts in 
the family Herpotrichiel- 
laceae. Thus, the biocide 
treatments were at least 
partially responsible for 
the new fungal outbreaks. 


Cave of Forgotten Fungi 


A fungal outbreak has been threatening the 
15,000-year-old Paleolithic rock art found in 
Lascaux Cave, 
France, since 2001, 
when intrusive 
white mycelia 
growths were first 
discovered in the 
cave. Unfortu- 
nately, the situation 
only worsened after 
varying biocide 
and mechanical 
treatments that 
removed the white 
overgrowths but 
resulted in the 
appearance and spread of large black fun- 
gal stains on the walls. Martin-Sanchez et al. 


/ methods or limiting tour- 
_ ism activities near Lascaux 
and other cave paintings 
(see Saiz-Jimenez et al., 
Policy Forum, 7 October 


prevent a similar fate for other caves. — NW 
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Careful testing of treatment 


2011, p. 42) may hopefully 


Environ. Sci. Technol. 10.1021/es2040625 (2012). 
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Rome, Italy 1 


Leaders of Faster-Than-Light 
Experiment Step Down 

Two leaders of the OPERA collabora- 

tion, which stunned the world in Septem- 
ber when it announced data suggesting that 
neutrinos could travel faster than the speed 
of light, have stepped down. The resigna- 
tion of Antonio Ereditato as spokesperson 
and Dario Autiero as physics coordinator of 
the study followed a vote of no confidence, 
held 29 March by leaders of the individual 
groups within the collaboration based at the 
Gran Sasso National Laboratory in central 
Italy, according to a source at OPERA who 
asked not to be identified. The vote came 
several weeks after it was revealed that the 
hotly debated result was probably caused by 
a faulty cable connection. 

Ereditato, who leads a group from the 
University of Bern, and Autiero, head of a 
group at the University of Lyon in France, 
had been the public face of the controver- 
sial study for the past 6 months, but appar- 
ently colleagues were unhappy about the 
way they had handled the results. Some col- 
laboration members believe that the results, 
when first announced at a symposium at 
CERN on 23 September 2011, should have 
been presented more clearly as preliminary. 
http://scim.ag/_OPERA 


California Bay delta, California 2 

California Water: 

Is Anyone Listening? 

Water scarcity and endangered species 
troubles will keep growing unless politi- 
cians make “hard decisions” about priori- 
ties for water use in the California Bay delta, 


according to a report released 29 March by 
the National Research Council (NRC). 


Runoff from California’s northern Sierra 
flows into the Sacramento and San Joaquin 
rivers and their tributaries, through the delta, 
and into San Francisco Bay. Some 25 million 
people throughout California depend on delta 
water, but the competing interests among 
farmers, fishers, and urban populations are 
increasing stress on fish populations, along 
with dams, declining river habitat, and pol- 
lution. Climate change, which could shift 
spring runoffs to earlier in the year and raise 


Winding road. 
California faces 
tough choices for 
delta water use. 


water temperatures in the summer, could 
exacerbate the problem. 

“Science is necessary to inform actions 
and proposals,” says committee member 
Henry J. Vaux Jr., professor emeritus of 
resource economics at the University of 
California, Riverside. And, he adds, unless 
politicians negotiate a solution between all 
the parties, the delta’s problems are only 
going to get worse. http://scim.ag/NRCCali 


London, United Kingdom 3 
Biobank Open for Business 


The U.K. Biobank, a repository of samples 
and health data from half a million people, 

is open for business after more than a decade. 
The £62 million project, funded mainly by 
the Medical Research Council and the 
Wellcome Trust, tested one in every 50 peo- 


™ 

= 
~ 
~ 
= 
et 
= 
= 
= 
= 
» 
ed 
> 
, 
, 
; 

?> 


| , 
7 | a 


Shelved. The U.K. Biobank holds millions of samples. 


ple between the ages of 40 and 69 years, from 
across the country, between 2006 and 2010. 
“What we hope now is that scientists will 
use it,” says Rory Collins, principal inves- 
tigator and chief executive officer of the 
Biobank, and an epidemiology professor at 
Oxford University. The idea is that the bank 
will inform research into major diseases 
such as dementia, diabetes, and cancer by 
allowing scientists to draw correlations with 
myriad factors, including smoking and body 
fat. Blood and urine samples, physical tests 
for hearing, weight, height, bone density, and 
lung function, as well as personal interviews, 
paint a thorough picture of each participant. 
The Biobank is free to use for anyone 
doing health-related research in the public 
interest anywhere in the world, subject to 
the cost of processing the requests. One 
caveat is that results must be published 
and fed back into the Biobank’s databases. 
http://scim.ag/Biobank 


Ottawa, Canada 4 


Canada Holds the Line 

On Research Spending 

Canada’s new budget will mean heightened 
competition for rank-and-file scientists but 
leaves unchanged the overall amount of 
money available for research grants. 

A $276 billion spending plan takes a bite 
out of the base budgets for the nation’s three 
granting councils as part of $5.2 billion in 
government-wide cuts. But the granting 
councils will also receive targeted funding 
for “industry-academic” partnerships. The 
Canada Foundation for Innovation, which 
has spent $5 billion over the past decade on 
university research infrastructure, would 
receive $500 million for a new round of 
competitive grants beginning in 2014, and 
Genome Canada would get $60 million over 
2 years for grants to improve human health. 
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“We’re very encouraged,” says Associa- 
tion of Universities and Colleges of Canada 
President and CEO Paul Davidson. “I think 
there are a lot of smart and strategic invest- 
ments here.” Canadian Association of Uni- 
versity Teachers executive director Jim Turk 


Budgeted. Jim Flaherty, Canada’s finance minister. 


which he describes as “directing money 
away from science-driven, basic research 
[to] serve the structure and commercial 
interests of the business community.” 
http://scim.ag/Canadabudget 


Paris, France 5 
2 Terrorism Trial for Physicist Ends 


1S) 


NADA; TIM HOWES/STANFORD UNIVERSITY 


g The brief, 2-day trial of particle physicist 
= Adléne Hicheur, who had been charged with 
6 “associating with criminals in relation to 
& terrorist activities,” ended 30 March, and the 
z 35-year-old Franco-Algerian won’t know 
6 until 4 May whether he will spend several 
more years behind bars or be able to resume 
2 his scientific career. The prosecution asked 
2 the three-judge panel for a 6-year prison 
Z sentence for Hicheur, who has already been 
& held for two anda half years in the Fresnes 
2 jail near Paris. 

The centerpiece of the prosecution’s 
case is e-mails Hicheur has acknowledged 


exchanging with Mustafa Debchi, a sup- 


Maghreb. Hicheur, who during the e-mail 
exchange was off of work from the CERN 
particle physics facility in Switzerland due 
to a herniated disc, testified that he had 
been taking morphine for pain. He rejected 
the prosecutor’s attempt to label him as pro- 
jihadist, saying “I am a simple Muslim.” 
During the trial, defense lawyer Patrick 
Baudouin argued that his client never took 
any concrete steps toward a terrorist act. 
Still, Hicheur’s testimony left many media 
onlookers confused about his intentions. 
http://scim.ag/terrortrial 


NEWSMAKERS 
Three 0's 


There’s been little light 
shed on what lives in 
the darkest depths of 
the ocean—the trenches 
formed during the sub- 
duction of one tectonic 
plate beneath another. James Cameron’s 
trip to the bottom of the Mariana Trench 
has renewed public interest in these sty- 
gian realms, but scientists are already 
developing new technologies—largely 
unmanned—to study trench ecosystems, 
notes James Yoder, former Division of 
Ocean Sciences director for the National 
Science Foundation (NSF), and now Vice 
President for Academic Programs and Dean 
at the Woods Hole Oceanographic Institu- 
tion (WHOI) in Massachusetts. 


Q: How do scientists study trenches? 

We have to rely on a very limited number of 
vehicles. Nereus [at WHOI] is the only one 
in the U.S. that will go below 7000 meters. 


THEY SAID IT 


“When I walk in the street, 
| don’t feel my body that much. 
..- | can walk and think. But 
when | dance, I must try to be 
one body and soul: | become 
a thinking body. Do physicists 
think with their body too?” 


—A47-year-old Swiss dancer and cho- 
reographer Gilles Jobin, who on 29 March 
won the first Collide@CERN-Geneva prize 

in Dance and Performance. 


It’s very difficult to build and operate a 
vehicle at that depth. It’s very expensive. 


Q: Is there a place for manned exploration 
of this habitat? 

Sure, I think there is. That’s one of the out- 
comes from things like this Cameron dive. 
This will certainly stimulate interest and 


could help scientists make their case >> 


A tiny fish is helping to answer big questions about evolution. For years, researchers 
have debated whether evolution occurs primarily through changes in genes themselves 
or in how they are regulated (Science, 8 August 2008, p. 760). David Kingsley and his 
colleagues at Stanford University in California looked to threespine sticklebacks for an 
answer. These marine fish invaded freshwater habitats in multiple places as glaciers 
receded 10,000 years ago, repeatedly losing their protective armor and developing 
new behaviors and physiology better suited to life away from the sea. Kingsley’s team 
sequenced 21 sticklebacks from populations around the world, homing in on 147 regions 
of DNA underlying these evolutionary changes. By looking at whether genes were pres- 
ent in these regions and whether those genes had the same mutations, they found genes 
were responsible for just 20% of the innovations, whereas regulatory DNA seemed to be 
involved in the rest, they reported this week in Nature. Until now, “it’s been hard to get 
enough examples, particularly in natural populations, to really estimate the relative con- 
tributions of the two mechanisms,” says Kingsley. 
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[for funding]. But it would be hard to con- 
vince an agency like NSF to put in the mil- 
lions of dollars into a vehicle that can rou- 
tinely go to a place like the trenches. 


Q: What's the future of exploration and 
research in this area? 

I know India and China are building deep 
submergence vehicles—they may take up 
some of the activity that the U.S. has led on. 
It just won’t be done exclusively or primarily 
by the U.S. We’ll still run Alvin and Nereus, 
so work won’t dry up in the U.S. 


FINDINGS 


Panel: Conserve Forage Fish 
To Protect Ecosystems 


Fishing of small species near the base of the 
food web—forage fish such as herring— 
should be more conservative, because these 
species are prone to collapse and are an 
important source of food for seabirds and 


Legacy. Seabirds 
have not recovered 
from overfishing of 
anchovetas. 


other predators, according to a blue-ribbon 
panel of scientists. 

In 2009, the Pew Charitable Trust’s 
Lenfest Ocean Program commissioned 13 
scientists to study how fishing impacts for- 
age fish and their predators. Under conven- 


a 


Random Sample 


Turing's Ideas Blossom 


18 


A sunflower is more than just a pretty face: It’s a floral expression of the so-called Fibonacci 
sequence—1, 1, 2, 3, 5, 8, and so on, where each number is the sum of its two preceding 
numbers. And now, a U.K.-based project is enlisting the help of gardeners around the world to 
help test a theory that originated with one of history's greatest mathematicians, Alan Turing. 

In the 1950s, toward the end of his life, Turing investigated why features in nature, such 
as the number of spirals in which seeds grow on a sunflower, often relate to the Fibonacci 
sequence. Turing tried to show 
that simple geometry constrains 
new growth so that, over time, 
an organism's features take on 
higher Fibonacci numbers. Later 
theoretical models supported 
Turing’s ideas, but they also pre- 
dicted that other numbers, such 
as those from a more complex 
“Lucas” sequence, should some- 
times be present instead. 

“If you look at cases where 
sunflowers don’t have Fibonacci 
numbers—that’s actually where 
you start getting information 
about whether these models are true or not,” says Jonathan Swinton, a consultant systems 
biologist in the United Kingdom. Working with the Manchester Science Festival, Swinton is ask- 
ing people to test the models by growing sunflowers and counting the number of seed spirals 
(http://www.manchestersciencefestival.com/connect/getinvolved/sunflowers). If these numbers 
don’t match the models’ predictions, scientists will know to improve the models, he says. 

Project manager Erinma Ochu at the University of Manchester in the United Kingdom, says 
she already has participants around the world, from the United States to Palestine. “Using the 
public is the best way to get a big data set,” she says. 


tional management, forage fisheries have 
a 42% chance of collapsing, they found. If 
fishing rates are cut in half, the likelihood of 
collapse falls to 6%, and predators are less 
likely to go extinct. 

Fishing less could also have an economic 
payoff: Forage fish are worth more when left 
in the ocean, because the predatory fish that 
eat them can be sold for more money. Based 
on computer models of 72 ecosystems, the 
researchers found that the global value of 
forage fish caught is $5.6 billion a year, but 
those left in the ocean contribute twice that 
amount to other fisheries. “They have an 
important value in the ecosystem, and that 
value can translate into big dollars,” says 
Ellen Pikitch of Stony Brook University in 
New York, who led the study. 
http://scim.ag/foragefish 


Case Closed: CO, Helped 
End Last Ice Age 


Any doubts about carbon dioxide’s power 
to warm the world can be put to rest. A 
new record of global temperatures as Earth 
came out of the last ice age demolishes the 
contrarian contention that carbon dioxide 
merely followed global warming. 

The problem had been that ice core 
records from Antarctica showed carbon 
dioxide rising only after warming was in 
full swing. But climate scientists knew that 
no one place is representative of trends 
in global climate. So Jeremy Shakun of 
Harvard University and his colleagues 
carefully combined 80 paleo-temperature 
records from around the globe—from pol- 
len in Alaskan lake muds to microfossils in 
Indian Ocean sediments. 

In this week’s issue of Nature, Shakun 
and his colleagues report that about 18,000 
years ago, global warming did in fact lag the 
rise of carbon dioxide by a few centuries, as 
it should if the greenhouse gas were helping 
drive the world out of the ice age. “All in all, 
a solid study,” says climate scientist Michael 
Mann of Pennsylvania State University, 
University Park; carbon dioxide is indeed a 
potent climate changer. http://scim.ag/CO2ice 


LIVE 


Join us Thursday, 12 April, at 3:00 p.m. EDT 
for a live chat with experts on the science 
of decision-making and how human and 
animal groups come to consensus. 
http://scim.ag/science-live 
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RINK/SCIENCE 


The end of an impassioned and often strident 
global debate over the proper balance between 
scientific openness and security began with 
2 hours of mandatory, studious silence in a 
room protected by an armed guard. 

When members of a U.S. government 
advisory panel gathered last week on the cam- 
pus of the U.S. National Institutes of Health 
(NIH) near Washington, D.C., to reconsider 
their controversial December 2011 recom- 
mendation that two groups of scientists redact 
key details from papers describing how they 
made the H5N1 avian influenza virus more 
transmissible between mammals, one of the 
first items on the agenda was to read revised 
versions of the manuscripts. But government 
officials in the United States and the Nether- 
lands, where the experiments had been con- 
ducted, didn’t want the information falling 
into the wrong hands. One by one, the mem- 
bers of the National Science Advisory Board 


% for Biosecurity (NSABB) and more than a 


s dozen observers—including 
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NIH head Francis Collins and 
Keiji Fukuda, the flu point per- 
son at the World Health Orga- 
nization (WHO)—signed 
confidentiality agreements to 
receive their copies. “We were 
told to read them in silence,” 
recalls NSABB member 
Arturo Casadevall, an immu- 
nologist at the Albert Einstein 
School of Medicine in New 
York City. “I felt like I was tak- 
ing a graduate school exam,” 
adds another biosafety expert, 
Joseph Kanabrocki of the Uni- 


versity of Chicago, Illinois. light of day. 
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When time was up, the readers turned in the 
manuscripts and their notes, which were ulti- 
mately destroyed. 

Soon, the silence gave way to discussion— 
and decision. After an “exhausting” marathon 
that included hours of scientific presenta- 
tions and a bus ride to a classified intelligence 
briefing (during which some board members 
wolfed down $16 boxed dinners), the NSABB 
met the next day and announced its new rec- 
ommendation to the U.S. government: What 
one member called “the two most famous sci- 
entific papers that have never been published” 
should be made public, in full. The studies 
still include information that might someday 
be useful to evildoers, the NSABB said in a 
30 March statement, but “additional informa- 
tion changed the Board’s risk/benefit calcula- 
tion.” The potential public health benefits of 
publishing, they had decided, now outweighed 
the potential harm. A WHO panel reached a 
similar conclusion in February (Science, 


Relieved. Yoshihiro Kawaoka (left) and Ron Fouchier (right) waited 
5 months to find out whether their controversial papers would see the 
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Flu scare? Lab-created versions of the H5N1 avian 
influenza virus (left) turned out to be less frightening 
than a U.S. advisory panel first believed. 


24 February, p. 899). 

The NSABB’s recommendation isn’t bind- 
ing, and the U.S. government—which funded 
the studies through NIH—may take several 
weeks to decide whether it will endorse the 
advice. Still, both journals and the research 
teams welcomed the news and said they 
planned to move ahead. 

Unlike NSABB’s earlier recommenda- 
tion, however, this one was not unanimous. 
Without exception, the panelists at the meet- 
ing agreed that a study under review at Nature 
led by Yoshihiro Kawaoka—who has a joint 
appointment at the University of Tokyo and 
the University of Wisconsin, Madison— 
should be “communicated in full.” But six of 
the 18 NSABB members who voted opposed 
the full publication in Science ofa study led by 
Ron Fouchier of the Erasmus Medical Center 
in Rotterdam, the Netherlands. 

In interviews with Science and in public 
statements, 9 NSABB members discussed 
how the group reached those decisions. All 
stressed that they were speaking for them- 
selves and, in keeping with the complexity of 
the debate, offered no single—or simple— 
explanation for their final positions. Still, 
there was wide agreement that this NSABB 
review differed from the first in important 
ways—and that the new recommendation was 
not necessarily a repudiation of the original. 
“We have not, not, not reversed ourselves, 
because these were revised manuscripts that 
we reviewed, not a reconsideration of the orig- 
inal ones,” insists NSABB member Susan 
Ehrlich, a retired appellate judge with train- 
ing in biotechnology. And Ehrlich and others 
stress that during the 5 months since NSABB 
first considered the two papers, much had 
changed—including the amount of informa- 
tion and the number of practical options avail- 
able to the board. The issues that helped shape 
the outcome, they say, included: 


Misunderstandings created by the brevity 
and tone of the original manuscripts. 

“The original papers were typical Science 
and Nature papers: very brief, short on 
detailed discussion, little to no information 
on biosafety/biosecurity/mitigation, and per- 
haps even a little sensational,” says NSABB 
member Lynn Enquist, a molecular biologist 
at Princeton University. Fouchier’s original 
paper, in particular, was somewhat mislead- 
ing, several NSABB members told Science. 
And one, virologist David Relman of Stanford 
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University in California, is harsher: “Data 
Ron Fouchier presented to us were confusing, 
contradictory, and poorly done.” That helped 
sow confusion about the actual lethality of 
Fouchier’s virus and its transmissibility, mem- 
bers say (Science, 9 March, p. 1155). 

Fouchier agrees that his original 2500- 
word Science manuscript was “not as clear 
and as explicit as it could have been if we had 
been given another couple of hundred words.” 
And NSABB acting chair Paul Keim, a micro- 
biologist at Northern Arizona University 
in Flagstaff, says that he suspects “Ron will 
write papers differently for the rest of his life.” 

All parties agree that the longer, revised 
paper presented last week was clearer. It 
presents the data “in a more rational manner,” 
says NSABB member Michael Imperiale of 
the University of Michigan Medical School 
in Ann Arbor. Science Editor-in-Chief Bruce 
Alberts, who attended the meeting, confirms 
that the journal has “agreed to give Fouch- 
ier extra space, and this was reflected in the 
revised manuscript that NSABB read.” (He 
also noted that, because of Dutch export 
control rules, the silent session marked 
the first time Science editors had seen the 
revised manuscript.) 

The second NSABB review also gave 
Fouchier and Kawaoka more time to clar- 
ify matters, in person. At last week’s meet- 
ing, Fouchier “took the stage for more than 
2 hours, and he answered many questions,” 
Keim notes. “I almost felt a little sorry for 
him.” In contrast, Fouchier spoke by phone 
with NSABB for about 45 minutes during the 
first review. 

The lengthier discussions helped per- 
suade several NSABB members to lift their 
objections to publishing both papers. But the 
give-and-take also confirmed that revealing 
Kawaoka’s research presented less risk than 
publishing Fouchier’s. In large part, that’s 
because Kawaoka stitched the hemagglutinin 
gene (the HS) from the bird virus into a pan- 
demic H1IN1 virus that rarely kills humans 
and then manipulated his construct to make 
it less virulent. “There was a deliberate effort 
to reduce the risk of the thing [Kawaoka] was 
making,” says Stanford’s Relman. Fouchier’s 
group took no such steps, Relman notes, one 
reason he became one of the six votes against 
fully publishing that paper. 


Recognition that the mutations identified 
by the studies could be useful for HSN1 
surveillance. 

Science has learned that what the NSABB 
statement vaguely referred to as the emer- 
gence of “new evidence” that could aid sur- 
veillance referred to the putative discovery 


in birds of HSN1s that look more like the 
lab-created strains that move between mam- 
mals than any found before, suggesting that 
HSNI1 in nature may be on its way to becom- 
ing transmissible in humans. “What it came 
down to for me ... [is that there] might be a 
risk to not publishing,” Imperiale says. “As 
you’re surveying, you might start picking up 
those mutations and ... make more effort to 
cull those flocks. That’s really what carried 
the day.” Sharing the information, he adds, 
might also help persuade countries that the 
economic costs of culling are worth the future 
global health benefits. 

Along similar lines, the Einstein School’s 
Casadevall says he changed his mind in part 
because the data might prod the world to 
improve H5N1 surveillance (Science, 17 Feb- 
ruary, p. 784): “I’m a believer that if the muta- 


Silent treatment. Acting Chair Paul Keim led 
NSABB through its reconsideration, including 
a 2-hour silent reading of the papers. 


tion information is available, this will drive 
the right type of surveillance.” Part of the new 
epidemiological evidence was contained in a 
third paper, written jointly by Fouchier, Kawa- 
oka, and a third researcher, which Fouchier 
says was presented at the meeting and has 
been submitted for publication. 


Doubts about the practicality of sharing 
the findings with only “responsible” 
scientists. 

When NSABB first considered the two man- 
uscripts, says board member and virologist 
Stanley Lemon of the University of North 
Carolina, Chapel Hill, it weighed three 
options: publish the entire manuscripts, 
redact information and share the full manu- 
scripts only with those who have a need to 
know, or don’t publish anything. This time, 
the possibility of sharing the manuscripts on 
a need-to-know basis had been taken off the 
table. NIH Director Collins explained that 


U.S. freedom of information laws and inter- 
national export control rules posed seem- 
ingly insurmountable obstacles. “It was made 
abundantly clear that there’s no way to do that 
in the current legal system,” Lemon says. 

Others noted that the need-to-know 
restrictions could particularly hurt develop- 
ing countries that have endemic HSN1 and 
might benefit most from surveillance. “The 
risk of seriously alienating the international 
community and derailing influenza efforts” 
outweighed the risks of publishing, decided 
Lemon, who voted to fully publish both 
papers. Chicago’s Kanabrocki came to the 
same conclusion: “The lack of a mechanism 
to communicate selectively changed the risk/ 
benefit ratio for me.” 


Concerns about adequately regulating 
dual-use research. 

Several NSABB members were heavily influ- 
enced by policy and process concerns. Ehrlich, 
for example, says one reason she voted against 
publishing the Fouchier paper was that he still 
planned to make changes to his manuscript. 
“T don’t want to put the NSABB’s imprimatur 
on a document that isn’t the completed docu- 
ment,” Ehrlich says. 

NSABB member Randall Murch, a former 
FBI agent who is now a biosecurity scholar at 
Virginia Polytechnic Institute and State Uni- 
versity in Alexandria, says he “could have 
gone either way.” But his vote against publish- 
ing the Fouchier paper was partly intended to 
highlight the need to “find ways, both in the 
US. and globally, to develop better oversight 
of dual-use research; this process showed how 
far we have to go.” One encouraging sign, 
he said, is that NSABB’s original recom- 
mendation helped spur the U.S. government 
to release a long-delayed policy on screen- 
ing certain biomedical research proposals for 
dual-use potential (see p. 21). 

Relman says the latest NSABB meeting 
deserves scrutiny, too. “It was a very, very dif- 
ficult environment in which to have thought- 
ful, deliberate, and in-depth discussions.” 

Many NSABB members say the some- 
times painful arguments have been a worth- 
while exercise. “When you think about the 
fact that your decision can affect a large num- 
ber of individuals, it’s humbling and frankly 
it’s a little bit frightening,” Casadevall says. 
“This whole process has been a learning curve 
for all of us,” says Fouchier, who, along with 
many other players in the debate, attended 
another meeting on the debate at the Royal 
Society in London earlier this week. “But we 
just needed to take this time.” 

-JON COHEN AND DAVID MALAKOFF 
With reporting by Martin Enserink. 
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SCIENCE AND SECURITY 


U.S. Agencies to Start Screening 
Biomedical Proposals for Dual Use 


It took nearly a decade of debate—and a jolt 
from the high-profile controversy surround- 
ing two influenza studies—but the United 
States now has a formal policy for oversee- 
ing taxpayer-funded biomedical research that 
could be used for good or evil. A government- 
wide committee last week quietly released 
new rules that require federal agencies to 
systematically screen funding proposals for 
“dual use research of concern.” The policy, 
which applies only to studies involving 
15 “high consequence” pathogens and 
toxins, is drawing generally positive 
reviews from researchers and security 
experts. But some university groups 
worry that it could unnecessarily 
hinder academic research or end up 
expanding secret research. 

“There is a lot of ambiguity here 
that raises concerns about how this 
will work in practice,” says Carrie 
Wolinetz, an associate vice president 
of the Association of American Uni- 
versities in Washington, D.C., which 
represents 61 major research cam- 
puses. “We have a lot of questions.” 

Federal officials are downplaying con- 
cerns. “Worries that this is going to have 
a major impact on the flow of research are 
an understandable but I think unjustifi- 
able concern,” says Anthony Fauci, direc- 
tor of the National Institute of Allergy and 
Infectious Diseases in Bethesda, Maryland. 
Similar reviews of dual-use biomedical 
research already in place at several large uni- 
versities and government agencies—includ- 
ing Boston University, the National Institutes 
of Health (NIH), and the Centers for Disease 
Control and Prevention—suggest that the 
new policy is likely to affect just a handful of 
studies each year, Fauci and others estimate. 

Even critics who have argued that the 
United States has been too lenient in oversee- 
ing dual-use research are impressed. “This 
is a big step forward,” says biologist Richard 
Ebright of Rutgers University in New Bruns- 
wick, New Jersey. If the policy had been in 
place last year, he speculates, it might have 
prevented the controversy over the publi- 
cation of two research papers that describe 
how to make the HS5N1 avian influenza virus 
more transmissible in mammals (see p. 19). 
“Tam encouraged,” said Representative James 
Sensenbrenner (R—WI]), who last month 


pressed the Obama Administration to explain 
how it planned to identify sensitive studies 
before they begin. 

The U.S. Government Policy for Oversight 
of Life Sciences Dual Use Research of Con- 
cern, just four pages long, is the latest byprod- 
uct of the anthrax letter attacks that struck 
the United States in 2001. In their wake, the 
United States tightened controls on research 
involving several dozen “select agents,” such 
as the anthrax and plague microbes, that 


A study is “dual use research of concern” 
if it meets any one of these criteria: 


stitutes an eradicated or extinct agent or toxin 


could be used as bioterror weapons. And in 
2003, an expert panel convened by the U.S. 
National Research Council recommended 
that U.S. funding agencies and universities 
begin broad screening programs for both pub- 
licly and privately funded biological research. 
That panel, led by geneticist Gerald Fink of 
the Massachusetts Institute of Technology in 
Cambridge, also suggested that university 
Institutional Biosafety Committees (IBCs), 
established in the 1970s to oversee recombi- 
nant DNA research, take on the job of dual- 
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Minimal impact. Anthony Fauci predicts that the new 
policy will affect relatively few research proposals. 
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use screening. Many researchers objected, 
however, arguing that IBCs didn’t have the 
proper expertise and that definitions of dual- 
use research of concern were often too broad. 

The new policy, announced 29 March, 
appears to respond to some of those concerns. 
It applies only to unclassified research funded 
by all federal agencies, and only to studies 
involving the riskiest select agents (including 
the H5NI1 virus). It assigns no specific new 
responsibilities to the IBCs but suggests they 
could play a bigger role in identifying and 
monitoring sensitive research. And it provides 
a “checklist” of seven criteria that agency 
reviewers can use to determine whether a 
study needs greater scrutiny. If an experiment 
involves making a pathogen more transmissi- 
ble or resistant to treatments, for example, it 
would get a closer look. 

A “ted flag ... doesn’t mean those 
experiments cannot or should not be 
done,” Fauci says, but it does mean 
the funder and the researcher might 
collaborate on developing a “risk mit- 
igation plan” that could include mod- 
ifying the experiment, moving it to a 
more secure laboratory, or altering 
how findings are communicated to the 
public and other scientists. For espe- 
cially problematic studies, agencies 
can “request voluntary redaction of 
the research publications or commu- 
nications,” or even classify the work 
under rules set out by a presidential order 
known as National Security Decision Direc- 
tive-189 (NSDD-189). 

That idea makes some university officials 
nervous. NSDD-189, they note, is supposed 
to be invoked before research begins, not after 
it is finished. “Clarification would be help- 
ful,” says Stephen Heinig of the Association 
of American Medical Colleges in Washing- 
ton, D.C. They also want to better understand 
how much work IBCs will be asked to take 
on—and what happens if the researcher and 
the funder disagree on how to mitigate risk. 

Fauci says it may take some time to work 
out all the answers. He says the policy envi- 
sions the National Science Advisory Board 
for Biosecurity—which is at the center of the 
HSNI1 research controversy—playing a major 
role in resolving any disputes. And he sees 
IBCs and individual scientists playing a larger 
role, in part by training them to use the check- 
list as they evaluate planned studies. 

Past experience suggests such prescreen- 
ing will flag few studies. When NIH officials 
recently reviewed about 400 current grants 
covered by the new policy, Fauci says they 
found about a dozen that raised concerns, and 
none needed to be revised. -DAVID MALAKOFF 
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U.S: SCIENCE POLICY 


Agencies Rally to Tackle Big Data 


John Holdren, the president’s science adviser, 
wasn’t exaggerating when he said last week 
that “big data is indeed a big deal.” About 1.2 
zettabytes (107!) of electronic data are gen- 
erated each year by everything from under- 
ground physics experiments and telescopes to 
retail transactions and Twitter posts. 

Holdren was kicking off a federal effort to 
improve the nation’s ability to manage, under- 
stand, and act upon that data deluge. Its goal 
is to increase fundamental understanding of 
the technologies needed to manipulate and 
mine massive amounts of information; apply 
that knowledge to other scientific fields; 
address national goals in health, energy, 
defense, and education; and train more 
researchers to work with those technolo- 
gies. The impetus for the initiative, to be 
managed by the Office of Science and 
Technology Policy (OSTP) that Holdren 
directs, comes from a December 2010 
report by a presidential task force that, 
Holdren said, concluded the nation was 
“underinvesting” in the field. 

Computer scientists welcome 
the spotlight that the White House is 
shining on big-data research. “The 
announcements demonstrate a recogni- 
tion by a broad range of federal agen- 
cies—Defense, Energy, NIH, and many 
more—that further advances in “big 
data” management and analysis are crit- 
ical to achieving their missions,” says 
Edward Lazowska of the University of 
Washington, Seattle, who co-chaired 
the 2010 report on the nation’s digi- 
tal future. “The White House [OSTP] 
deserves enormous credit for herding 
the cats to create a true national initia- 
tive in this area.” 

Last week’s event gave half a dozen 
agencies a chance to showcase what 
Holdren described as “$200 million in new 
commitments.” However, it’s not clear what 
portion of that figure represents new money 
and how much is a continuation of current 
activities under the new big-data umbrella. 

A $35 million investment by the National 
Science Foundation (NSF) across several 
areas appears to be the largest commitment of 
new money this year by any federal agency. 
The Department of Energy (DOE), for exam- 
ple, is counting a $5-million-a-year award 
made last year to Lawrence Berkeley National 
Laboratory for an institute to advance efforts 
in data management, analysis, and visualiza- 
tion that have been under way for more than 


a decade within DOE’s Advanced Scientific 
Computing Research program. The Defense 
Department says it plans to spend $60 million 
this year on new awards for research on big 
data, but officials couldn’t say if that amount is 
more than what it has spent in previous years. 

Even small investments are welcome. 
The U.S. Geological Survey points to a tiny 
(annual budget of $650,000) synthesis and 
analysis center in Fort Collins, Colorado, 
that brings groups of scientists together for a 
week to crunch large data sets. The National 
Institutes of Health (NIH) is counting a 


Traffic jam. This crowdsourced 
GPS data shows San Francisco taxis 
at 1-minute intervals for a full day. 


project begun in 2010 to put data from its 
1000 Genomes Project on Amazon’s cloud- 
computing platform. Researchers who want 
to use Amazon’s web services to store and 
analyze the growing database of genetic 
sequences—the records of some 2700 indi- 
viduals should be available by the end of the 
year—will be charged by the hour. 

Part of the difficulty of quantifying the 
new big-data initiative is, ironically, a lack of 
reliable data on what the government is now 
spending. The 2010 report recommended $1 
billion a year and asserted that current spend- 
ing on a broader cross-agency program to 
advance network and information technol- 


ogy research and development (NITRD) falls 
well short of that level. But that assessment 
is just guesswork, the report admits, because 
most NITRD dollars (more than $4 billion 
in 2010) are used to enhance the computing 
capacity of scientists in other disciplines. A 
review of NIH’s $570 million-a-year network 
and information technology portfolio, for 
example, found that only 2% is actually spent 
on core research. 

The flagship project in NSF’s new suite of 
programs addresses that problem head-on. 
It’s a $25 million competition (nsf12499), 
run jointly with NIH, to fund fundamental 
research on “core techniques and technolo- 
gies” involving big data. But the biomedical 
giant is putting only $3.5 million into the pot 
this year, as officials say it was hard 
to find uncommitted dollars in the cur- 
rent budget. 

The solicitation encourages 
researchers to think big about how 
big data could transform society, from 
instant access to all health care infor- 
mation, to an early warning system for 
failing bridges to sensor-laden cloth- 
ing that protects the wearer from harm. 
But applicants will be judged by a more 
modest yardstick; namely, the best ideas 
for collecting, managing, and analyzing 
data as well as promoting collaboration 
among scientists. Last week, NSF also 
announced a 5-year, $10 million award 
to the Algorithms, Machines, and Peo- 
ple lab at the University of California, 
Berkeley, one of four new awards under 
the agency’s Expeditions in Comput- 
ing program and the only one dealing 
explicitly with tackling problems relat- 
ing to big data. 

The Defense Advanced Research 
Projects Agency last week announced 
a $24 million-a-year program to make 
“revolutionary advances” beyond cur- 
rent systems in processing and ana- 
lyzing big data. The solicitation 
(BAA-12-38) emphasizes the challenges of 
using “imperfect data” available for only a 
brief period in the heat of battle, as well as 
the need to know when humans must override 
robotic systems. 

Jeannette Wing, a professor at Carnegie 
Mellon University in Pittsburgh, Pennsylva- 
nia, and the former head of NSF’s computing 
science directorate, hopes the big-data initia- 
tive will give computer scientists the chance 
to take full advantage of recent developments 
in the IT field. “Big data has been a ‘big’ thing 
in computer science for years,” she says. “But 
it’s even bigger now, because of data analytics 
and cloud computing.” —-JEFFREY MERVIS 
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Updated Review Finds Little U.S. 
Military Risk in Nuclear Test Ban 


President Barack Obama said in 2009 that 
his Administration would “aggressively pur- 
sue” U.S. ratification of the Comprehensive 
Nuclear-Test-Ban Treaty (CTBT), an agree- 
ment designed to end the testing of nuclear 
weapons permanently. Any move toward 
ratification will require a lengthy debate in 
the U.S. Senate, which has not been sched- 
uled and would be improbable in an elec- 
tion year. But according to the U.S. National 
Academies, there is no technical reason why 
the United States should not sign on the dotted 
line right now. 

In a report released last week, an expert 
panel said it would be possible to keep 
America’s stockpile of nuclear weapons safe 
and reliable without testing, and that treaty- 
monitoring technologies now make it impos- 
sible for states to hide a test big enough to 
be useful. The CTBT Organization’s Inter- 
national Monitoring System (IMS) is so 
capable, says Ellen D. Williams, committee 
chair and chief scientist of the oil company 
BP, “that any potential tester would have to 
be concerned about being detected.” 

Created in 1996, the CTBT has been 
signed by 182 nations and ratified by 157. But 
the treaty only comes fully into force when all 
44 countries that in 1996 had either nuclear 
weapons or reactors have ratified it. Eight of 
those—including the United States—still 
have not done so. The U.S. Senate debated the 
treaty in 1999 but failed to endorse it. Oppo- 
nents argued that the stockpile might become 
o unreliable if not tested, and that verification 
E technology wasn’t capable enough to ensure 
© that other countries were not cheating by 
8 carrying out secret tests. If others continued 


developing and testing new weapons while the 
United States honored the ban, CTBT oppo- 
nents said, the United States would be at a mil- 
itary disadvantage. 

“The ratification debate is not going to start 
anytime soon,” says Andreas Persbo, director 
of the Verification Research, Training, and 
Information Centre in London. When it does 
begin, he says, “stockpile stewardship may 
be the most interesting part for the Senate.” 
CTBT proponents are hoping the new report’s 
conclusions may win over a few skeptics. 

The White House commissioned this anal- 
ysis in 2009, asking the National Academies 
to review a 2002 study on technical issues 
surrounding the CTBT and investigate what 
had changed over the past decade. In a brief- 
ing when the report was released, Williams 
said that the Stockpile Stewardship Program, 
which was still quite young in 2002, has made 
enormous progress. “They’ve overhauled and 
refurbished two complete weapon classes,” 
she said. Part of the program involves under- 
standing the physics and chemistry of the 
weapons materials, such as how they decay 
and degrade. In some cases, replacement 
parts can be manufactured. “We understand 
these weapons today even better than we did 
while testing,” committee member Marvin 
Adams, a nuclear engineer at Texas A&M 
University, College Station, said at the brief- 
ing. ““We’ve done it. We’ve reset the clock on 
these weapons.” 

A large part of the program also involves 
developing computer simulations of nuclear 
explosions. To test their validity, national lab- 
oratories have built facilities that can mimic 
parts of a nuclear explosion without creating 
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Ears wide open. A CTBT infrasound monitoring station 
on the island of Tristan de Cunha in the South Atlantic. 


an actual blast. These include the National 
Ignition Facility at Lawrence Livermore 
National Laboratory, the Microsystems and 
Engineering Sciences Applications facil- 
ity at Sandia National Laboratories, and the 
Dual-Axis Radiographic Hydrodynamic Test 
facility at Los Alamos National Laboratory. 
It’s “crucial,” Williams says, that research- 
ers make full use of these facilities to test and 
stress the computer models that are “essential 
to the health of the program.” 

The committee’s main concern was 
whether the government would remain com- 
mitted to this program and its workforce. 
“The technical ability to maintain the stock- 
pile exists; our concern is about the political 
will to maintain those capabilities,” Williams 
says. Committee member Lynn Sykes of 
the Lamont-Doherty Earth Observatory 
at Columbia University says: “There’s one 
golden bullet: a high quality workforce. I can’t 
stress that too strongly.” 

One reassuring message in the commit- 
tee’s report is that the IMS verification system 
has come of age. The plan is to build a network 
of 337 monitoring stations across the entire 
globe—from Spitsbergen to Antarctica. The 
network, around 80% complete now, is made 
up of seismic stations to detect underground 
tests, radionuclide detectors to sniff out radio- 
active fission products in the air, and hydro- 
phones and infrasound detectors to listen 
for acoustic signals in the oceans and atmo- 
sphere. Some techniques in use now weren’t 
even under consideration in 2002, including 
sensing radioactive xenon gas and a regional 
seismology method that detects shock waves 
traveling along shallow paths through Earth’s 
crust and upper mantle. 

The committee did not take a position on 
whether the United States should ratify the 
CTBT, but it said the IMS is an important tool 
that the United States should support even if 
the treaty isn’t ratified. It’s able to detect any 
test of | kiloton or greater, according to the 
panel; much smaller explosions are detectable 
in some parts of the world. Surreptitious tests 
small enough to be concealed would only be 
useful for making weapons of the type that the 
United States already has in its armory. Devel- 
oping a new, threatening type of strategic 
weapon, the committee asserts, would require 
tests large enough to be easily detectable. 

And if there were such a violation, the 
United States could invoke the CTBT’s get- 
out clause, withdrawing in situations of 
“supreme national interest.” 

—-DANIEL CLERY 
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In Former Yugoslavia, Academies Keep Fighting 


The tiny nation of Montenegro, population 
approximately 620,000, has not one science 
academy, but two—and they’re like oil and 
water. So when Montenegro’s parliament 
forced the two to merge in a law that took 
effect last month, it triggered an outcry. 

The government-recognized Montene- 
grin Academy of Sciences and Arts (CANU) 
dates back to 1971; its upstart competitor, 
the Doclean Academy of Sciences and Arts 
(DANU), was founded in 1998. DANU’s 
name is derived from 10th century Duklja, 
considered the first independent Montene- 
grin state in the region. DANU supporters 
say CANU took a pro-Serbian stance when 
Montenegro split off from 
its larger neighbor Serbia in 
2006; CANU refuses to even 
recognize DANU, which it 
says isn’t a bona fide science 
academy. 

Welcome to former 
Yugoslavia, where, 20 years 
after the country’s bloody 
breakup, academies that 
are nominally about sci- 
ence and arts are often still 
players in political fights. 
In 2011 alone, two new, 
hotly contested academies 
were formed within Serbia, 
one for Bosniaks—the eth- 
nic group also referred to 
as Bosnian Muslims, who 
form a minority in Serbia 
and a majority in neighbor- 
ing Bosnia and Herzegovina 
(BIH)—and one for the 
Roma people, also known 
as Gypsies. 
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When ethnic tensions grew in the 1980s, 
some of the academies played into the hands 
of nationalists. One infamous example is an 
unfinished document by the Serbian Academy 
of Sciences and Arts, leaked to Yugoslav media 
in 1986, that described the Serbian majority 
as discriminated against. Many believe the 
paper contributed to Yugoslavia’s breakup. 
Croatia’s academy, too, became national- 
istic, says Slavo RadoSevic¢, a researcher at 
University College London’s School of Sla- 
vonic and East European Studies; it made 
separatist and first Croatian president Franjo 
Tudman a member and helped set a national- 
istic agenda. 
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[VANU] is a political thing, and there is no 
need for it. On the other hand, local politicians 
tried to use us for their own political pur- 
poses.” But VANU still has icy relations with 
the Serbian Academy of Sciences and Arts, 
which has its own arm in Vojvodina. 

The chaotic situation poses challenges 
for international organizations such as ALL 
European Academies (ALLEA), a federation 
of 53 academies in 40 European countries, 
which has to choose which organizations to 
accept as members. In BIH, the Academy of 
Science of BIH is an ALLEA member; so far, 
the new Bosniak academy has not applied, nor 
has the 15-year-old academy in the Republika 
Srpska, the Serbian entity 
within the country. The BIH 
academy is “less than happy” 
about the other two, says 
ALLEA Executive Director 
Riidiger Klein. “The estab- 
lishment of these ethnically 
based academies is certainly 
not helping in building BIH 
as a viable country.” 


of Srpska Serbian Academy 
BOSNIA AND Belgrade °f Sciences.a as In Montenegro, ALLEA 
\_ HERZEGOVINA (BIH) proposed to act as an arbiter, 
Academy-of Science —_Gp- Bosniak Academy SS but the government pushed 


ahead with the law marry- 
ing the two unwilling part- 
ners, CANU and DANU, 
which has “made everyone 
unhappy,” Klein says. Now, 
there’s an impasse. The law 
mandates that CANU verify 
and accept DANU mem- 
bers within 60 days; CANU 
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Breaking up is hard to do. The former Skopje and Arts ( says it can’t be done and 
Yugoslavia has plenty of science academies. ‘ MACEDONIA Yo aad has passed a ‘verification’ 
— rulebook to check DANU 


Yet some of the recently formed academies 
appear to be more about ethnic identity and 
furthering separatist goals than about science. 
DANU’s main project, for instance, is to pro- 
duce an encyclopedia of Montenegro study- 
ing the country’s language and history. And 
some of the well-established science acade- 
mies, too, stand accused of promoting nation- 
alism or even inciting violence. 

Unlike many former Eastern bloc coun- 
tries, Yugoslavia never had a strong central 
academy that funded or carried out most sci- 
entific research. Science and education were 
in the hands of the country’s 6 republics, each 
of which had its own science academy, as did 
Kosovo and Vojvodina, 2 semiautonomous 
regions within the Republic of Serbia. 


Today, the academies still watch each 
other with a wary eye. When the new 
Bosniak academy was formed last year—with 
dual headquarters in Novi Pazar, Serbia, and 
Sarajevo, BIH—some claimed it was a thinly 
veiled attempt to help forge a new state from 
the Muslim areas in BIH and the Muslim- 
majority SandZak area in southern Serbia. 

Similarly, the Vojvodina Academy of Sci- 
ences and Arts (VANU)—banned by Yugo- 
slav President Slobodan MiloSevic in 1992 
but reborn in 2003—has been accused of sup- 
porting the political agenda of the large Hun- 
garian population in the Serbian province. It 
does not, insists VANU president, mathemati- 
cian Endre Pap. “Everyone tried to politicize 
us. On one hand, our opponents were saying, 


members’ eligibility, a move that DANU calls 
obstruction of the law. 

RadoSevic describes the bickering acad- 
emies in the region as an “intellectual cem- 
etery.” The best scientists in the Balkans 
aren’t even members, he says, nor are presti- 
gious expat scientists. But there is an oppo- 
site trend as well. Many scientists—especially 
in the major research institutes, which oper- 
ate outside the academy structure—are mov- 
ing beyond historical struggles and forging 
new bonds. RadoSevic even knows a few who 
work in one country and are proud to say they 
also lecture in another. “Ten years ago, they 
wouldn’t be saying that.” 

-MICO TATALOVIC 
Mico Tatalovic is a writer in London. 
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A Week in Stockholm 


For the rival teams whose discovery of dark energy had transformed 
scientists’ picture of the universe, the 2011 Nobel festivities were a 
flurry of jubilation, disappointment, and one-upmanship 


EARLY MORNING ON 4 OCTOBER 2011, THE DAY THE PHYSICS 
Nobel was announced, astrophysicist Peter Garnavich was woken up 
by a phone call that came not from Stockholm but from his wife, 
Lara Arielle Phillips. Garnavich was asleep in a Chicago hotel room, 
preparing for a long day of travel. Arielle was calling from the cou- 
ple’s home in Indiana, where both are professors at the University 
of Notre Dame. “Is everything all right?” Garnavich asked groggily. 
“Yes, everything’s fine,” Arielle said, mildly apologetic. “The Nobel 
in physics has been awarded for the accelerating universe. It’s going 
to Brian, Adam, and Saul.” 

Garnavich had known all along that this day would come. In the 
13 years since two rival teams discovered the accelerating expansion 
of the universe—suggesting that three-quarters of the cosmos con- 
sists of a mysterious force termed dark 
energy—the consensus that the work 
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Bigger still. The universe is not only expanding but speeding up. 


Trifecta. Saul Perlmutter (/eft), Brian Schmidt (center), and 
Adam Riess shared the 2011 Nobel Prize in physics. 


would win a Nobel Prize had come to 

S be matched by a growing certainty 

Ya \ about who the individual winners 

| might be. The Shaw Prize, awarded 

in 2006, had already singled them 

out: Brian Schmidt and Adam Riess 

y from the High-z Supernova Search 

— Team—which Garnavich was a part of— 

and Saul Perlmutter, leader of the competing Super- 

nova Cosmology Project (SCP). Yet, when his wife 

named the winners, all he could say was, “Shit.” 

The disappointment of being left out was far more 
intense than Garnavich had imagined. 

“T had thought this was really going to happen 
a long time from now, and I didn’t have to deal 
with it, but now I did have to deal with it,” says 
Garnavich, a genial 53-year-old with a perpet- 
ual smile. At the same time, he felt relieved that 
the Nobel committee had not given the prize to 
Perlmutter alone. “The jockeying for which team 
was first in making the discovery had gone on for 
a long time, and there was a worry that maybe the 
Nobel committee wouldn’t have seen that.” 

Garnavich wasn’t the only one feeling this mix 
of pride and pain. Nicholas Suntzeff, a goateed, 
balding astronomer at Texas A&M University in 
College Station, who co-founded the High-z team 
in 1994 along with Brian Schmidt, took a deep 
breath when he heard the news on National Pub- 
lic Radio that morning. “I was disappointed, and I was disappointed 
that I was disappointed,” he would recall later. In Cambridge, Mas- 
sachusetts, Harvard University astrophysicist Robert Kirshner—who 
had been the doctoral adviser to both Schmidt and Riess—comforted 
his daughter when she asked angrily, “Daddy, why didn’t you win?” 
Explaining the rules of the Nobel, which prevent awarding the prize 
to more than three individuals, did not help mollify her. “She didn’t 
care about any of that stuff, she wanted her father to win,” Kirshner 
says. Later, when colleagues e-mailed to offer congratulations tinged 
with condolence, Kirshner responded with the mellow sarcasm that 
he’s known to direct at others and himself alike. “It’s not every day 
that you don’t win a Nobel Prize,” he wrote. 

The winners knew what the others were feeling. At 7:56 a.m. EDT, 
Riess dug out from an avalanche of requests for media interviews 
to e-mail his gratitude to the High-z team. “Dear colleagues,” wrote 
Riess, a professor at Johns Hopkins University in Baltimore, Maryland, 

. “We accept this in your names. It’s all of ours to 
0 a | | a eB share. We are lucky ducks to get to work on this 

‘ adventure.” Schmidt, a professor at the Austra- 
sciencemag.org lian National University in Canberra, followed 

B Podcast interview : é as i 

@F with author with a message that read in part: “While the 
Yudhijit Bhattacharjee. Prize has been awarded to Adam and myself, we 
all know it is in recognition of the whole team’s 
work.” Perlmutter, a physicist at Lawrence Berkeley National Labora- 
tory (LBNL) in California and a professor at the University of Cali- 
fornia, Berkeley, conveyed similar sentiments to the members of the 
SCP. Later that day, a comment in the media from British astronomer 
Martin Rees acted as a salve for those who had been left out. “It would 
have been fairer, and would send a less distorted message about how 
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this kind of science is actually done, ifthe award had been made collec- 
tively to all members of the two groups,” Rees told Reuters. 

Within hours of the announcement, Schmidt and Riess decided to 
invite the remaining 17 members of the High-z team to Stockholm for 
the Nobel ceremony. Each laureate would be allowed 14 tickets to the 
various events organized by the Swedish Academy, and between the 
two of them, Schmidt and Riess had enough tickets to accommodate 
everybody and their spouses. The spare tickets they gave to Perlmutter, 
who had a bigger challenge with the 30 collaborators that he wanted 
to invite. By December, all arrangements had been made to bring both 
teams to the world’s grandest scientific celebration, with the three lau- 
reates spending roughly $100,000 from the $1.5 million prize to pay for 
their guests’ airfares, hotel rooms, tuxedo rentals, and other expenses. 
After years of a deep and sometimes hostile rivalry, the two groups 
would have a chance to revel in their shared glory, sip champagne side 
by side, and possibly reconcile their warring narratives of the discovery 
in a scientific colloquium at the end of the celebrations. 


Monday, 5 December 


December is bleak in Stockholm. On most days, the sun sets at 2:00 
p.m., enveloping the city in a darkness that seems merciful at the end 
of what has usually been a gray, overcast morning. The joke among 
guests attending the Nobel festivities is that the Swedes invented the 
Nobel Prize to bring cheer to Stockholm in its darkest month and 
boost the local economy with an influx of tourists. 

The two teams began arriving in the city on 5 December. All of 
the High-z members had rooms reserved at the magnificent Grand 
Hotel, where laureates stay. The Grand was already full by the time 
the SCP team made reservations, so its members had to find rooms 
elsewhere. “We were a bit late off the gate,” says Andrew Fruchter, a 
member of Perlmutter’s group. 

In the race that led up to the discovery of the accelerating universe, 
however, Perlmutter’s group had been the first to start. Founded in the 
early 1980s by Carl Pennypacker and Richard Muller, both physi- 
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cists at LBNL, the 
SCP began as an 
effort to find nearby 
supernovae using an 
automated search 
technique. The tech- 
nique involved tak- 
ing telescopic images 
of the same swaths of 
sky at different times 
and using an algorithm to contrast those images to spot supernovae that 
might have exploded in the time between two shots. In 1988, the group 
proposed applying the technique to find distant supernovae. As outsid- 
ers to astronomy, Pennypacker and Muller faced a constant challenge 
in getting funded. For this, they would later blame a prominent member 
of the yet-to-be-formed High-z team: Kirshner, who by virtue of his 
supernova expertise was on proposal review committees appointed by 
the Department of Energy and the National Science Foundation. 

By 1991, Pennypacker’s interests had turned to science education, 
and Muller had shifted to studying weather patterns. The two handed 
the reins of the SCP to Perlmutter—a hawk-nosed, tenacious, young 
physicist who had been Muller’s graduate student. Perlmutter’s impres- 
sive organizational skills helped seal his position as the undisputed 
leader of the project, even though the group included a senior, and at 
the time, more distinguished, physicist named Gerson Goldhaber. 

Perlmutter systematized the search technique. He demonstrated that 
one could more or less guarantee finding supernovae by taking a refer- 
ence image of a patch of the sky just after a new moon and subtract- 
ing it from another image of the same sky taken right before the next 
new moon. Through the early 1990s, Perlmutter expanded the group by 
recruiting collaborators in Europe and Australia. What had begun as a 
team of physicists grew to include several astronomers. But the group 
still had a tough time persuading review committees of telescope facili- 
ties to grant them observing time. 

While the SCP was led by physicists interested in astronomy as a 
tool to understand the universe, the High-z collaboration grew out of a 
team of astronomers who realized that Type 1a supernova explosions 
could help them answer a fundamental physics question: the fate of 
the cosmos. These astronomers—including Mario Hamuy, Nicholas 
Suntzeff, Mark Phillips, and others—had been studying nearby Type 
la supernovae for years before they began the search for distant Type 
la supernovae. Because the universe is expanding, far-off supernovae 
recede from Earth at such great velocities that their light reaches us 
stretched in wavelengths toward the red end of the electromagnetic 
spectrum—a “redshift” represented by the letter z. That’s why these 
objects are known as high-redshift or high-z supernovae. Unlike Perl- 
mutter’s group, the High-z team was a flat organization. Even though 
Schmidt was technically the leader, the team was a collaboration 
among equals, with different members getting primary authorship on 
papers that they individually led about different aspects of the work. 

In 1993, the year before the team began taking those high-redshift 
observations from the Cerro Tololo Inter-American Observatory in 
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Chile, the observatory’s Mark Phillips made a discovery that would 
prove to be fundamental to using Type 1a supernovae for cosmo- 
logical measurements. Although in theory these supernovae were 
supposed to have uniform luminosity, astronomers had learned that 
Type la supernovae could in fact differ somewhat in brightness. 
Phillips found that the time a Type la supernova took to fade away 
was related to its peak brightness: The faster it faded, the fainter it 
was at the height of its luminosity. This so-called Phillips relation- 
ship enabled both teams to calibrate Type 1a supernovae based on 
the number of days it took for the explosion to grow dim, allowing 
astronomers in essence to determine the precise wattage of a distant 
cosmic light bulb. 
By 1996, the two teams were locked in a dead 
heat to find as many distant Type 1a supernovae as 
possible and determine their distance and veloc- 
ity in order to measure what everybody expected 
to be a deceleration of the universe’s expansion. 
Each group considered itself the front-runner: 
Perlmutter’s because it had started earlier, and 
the High-z collaboration because it understood 
Type la supernovae much better. In 1998, 
after the teams submitted their final results for 
publication, much of the astronomical com- 
munity declared the race a tie. A new contest 
began: a prolonged battle for credit through 
rival campaigns to narrate the history of the 
discovery. Kirshner wrote a popular book, The Extravagant Universe, 
chronicling the details from the High-z team’s perspective. LBNL 
put out its own narrative of the discovery through press releases, 
weighted in favor of the SCP, and Perlmutter wrote reviews crediting 
his team with having led the way. 


One side. Kirshner’s 
book gave his view of 
the dark-energy race. 


Wednesday, 7 December 

As Nobel Week began, with a reception hosted by the Royal Swedish 
Academy of Sciences, any tensions were drowned in sparkling wine. 
It was dark and rainy outside the academy’s 96-year-old building as 
members of the two teams filed in through its pillared entrance, join- 
ing hundreds of guests inside. Some went to hang their overcoats in 
a large cloakroom where a giant portrait of the 16th century astrono- 
mer Tycho Brahe hangs on the wall, evoking an era when science was 
a far more individualistic enterprise. 

Wandering through the crowd, Fruchter of the SCP met members 
of his group whom he had never seen in person. He bumped into 
researchers from the High-z team and exchanged pleasantries. The 
High-z team’s Suntzeff, still jet-lagged, had a small golden pin on his 
lapel that resembled the pin that all the laureates were wearing. “I had 
quite a few students coming up to me, and then realizing, ‘Uh-oh, this 
guy is not a Nobel laureate,’”’ Suntzeff says. After a while, he took the 
pin off and put it in his pocket. 


S 


Thursday, 8 December 
Nobel Lectures 


When Kirshner stepped out of the Grand Hotel the next morning, 
it was surprisingly sunny and bright. Like the other members of the 
High-z team, he was going to board a bus to Stockholm University 
for the Nobel lectures. But while Kirshner was waiting, a shiny, black 
BMW drove up to take Riess to the lecture hall. Riess climbed into 
the back seat of the limo, which the Nobel Foundation provides to 
every laureate, along with a personal attendant and a chauffeur. Riess 
offered his former adviser a ride to the venue, and Kirshner got in the 
passenger seat. 

The limo sped through the city streets. For a few moments, the two 
men rode in silence: Riess in the back, a frizzy-haired 40-year-old 
with a reddish-blond goatee, youthful enough to pass as a grad stu- 
dent, with a down-to-earth manner unburdened by gravitas; Kirshner 
in the front, the smooth-talking, flamboyant Harvard don who had 
taught Riess and Schmidt all the supernova astrophysics they needed 
to do their work. In an alternate universe, Kirshner could have been 
riding in the back seat; to have two students get the Nobel was at once 
both more and less than winning it himself. 

After a while, Kirshner reached over to turn down the seat 
warmer. The driver glared. “She gave me the look that meant, “You 
don’t do that, I do that,’ Kirshner says. “So I said, ‘Well, I have a 
Ph.D. from Caltech.’ ” The driver was unmoved. “We don’t even let 
the laureates do that,” she replied. “I thought, “Okay, I’ve been put in 
my place,” Kirshner says. 

At the lecture hall, Kirshner went off to take his seat in the audi- 
ence while Riess joined Schmidt and Perlmutter to get ready for 
the talks. Weeks before the event, the three winners had conducted 
a long negotiation among themselves by teleconference to decide 
who would speak first. Perlmutter wanted to go first, but Riess and 
Schmidt did not agree: The two of them were still smarting from 
having gotten insufficient time to speak at the Shaw Prize ceremony 
5 years before, where Perlmutter spoke first. “He covered a lot of 
ground there,” Riess says. “He went soup to nuts.” In the end, they 
struck a deal: Perlmutter would deliver the Nobel banquet speech 
on behalf of all three, whereas Schmidt and Riess—in that order— 
would precede him at the Nobel lecture. 


Thursday, 8 December 


Lunch 


After the lectures, the two teams went their separate ways to attend 
celebratory lunches: one hosted by Perlmutter on an island 45 minutes 
from Stockholm, the other hosted by Schmidt and Riess at a restau- 
rant in the Royal Art Academy building on the city’s waterfront. As 
the High-z team gathered at their venue, Schmidt looked over the res- 
taurant’s wine selection to order for the group. He was the right man 
for the job. An affable, chubby-cheeked 44-year-old who grew up in 
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Mementos. 
High-z members 
got cuff links; the 
Nobel museum, 
a bottle from 
Schmidt's winery. 


Montana and Alaska, 
Schmidt owns a 
winery in Canberra 
whose last few cases 
of Pinot Noir sold out 
within hours of the 
Nobel announcement 
in October. 

A Riesling wine 
arrived, and toasts 
were raised. Riess, 
with a gleam in his eye, kept telling the others, “We have a really nice 
gift for you.” Kirshner was amused. “Adam, he’s funny. He can’t keep 
a secret,” Kirshner says. “Adam needs a lot of attention and a lot of 
response. He was like that as a graduate student. He’s still like that.” 

Without Riess’s youthful impatience, however, the High-z team 
might never have been here. Although Schmidt was the leader of the 
High-z team, it was Riess’s marathon data analysis in the fall of 1997 
that helped the team catch up to Perlmutter’s group and ultimately cross 
the finish line a little bit sooner. Riess had already made a key contri- 
bution with his dissertation on how to cancel out the dimming effect 
of dust clouds obscuring a supernova, thereby getting a more precise 
measurement of its brightness. It was this work that enabled the High- 
z team to perform the calculations necessary for the breakthrough, 
despite having a smaller clutch of Type 1a supernovae to go on than 
their rivals did. When Riess’s analysis showed that the universe was 
accelerating—not decelerating as everyone had expected—he didn’t 
back down in the face of skepticism from his colleagues and worked 
with urgency to write what became the discovery paper. 

But Riess was also lucky. Garnavich, who was then a postdoc at 
Harvard University, had already completed the analysis of a subset of 
those Type 1a supernovae, which provided a hint of the final result. 
Garnavich’s analysis had shown that the universe would continue to 
expand forever, rather than slow down and recollapse in what theo- 
rists had previously predicted to be a big crunch. The finding, which 
Garnavich announced at a meeting of the American Astronomi- 
cal Society in January 1998, alongside a similar announcement by 
Perlmutter’s group, made the front page of The New York Times. “But 
it was a limited number of supernovas,” Garnavich says. “It turned 


Hot times. The High-z team outside the lunch venue 
(below), after a meal briefly interrupted when a pile 
of T-shirts (top) caught fire. 
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out we needed smaller error bars to see that the universe was not 
just going to expand forever, but that it was also accelerating.” 
In Stockholm, celebrating Schmidt and Riess’s honor with the 
rest of the team, Garnavich was reminded once again that his 
paper had been a few supernovae short of the Nobel. 

The main courses came and went: salt-poached perch, beef 
wagyu, and other fancy dishes, each paired with its own wine. 
In the middle of it all, the conversation was interrupted by a 
loud banging on the window. A pedestrian walking by the res- 
taurant had glimpsed flames erupting behind a curtain, unbe- 
knownst to everybody inside. A set of T-shirts that one of the 
team members, Peter Challis, had brought along for his col- 
leagues, each printed with the slogan “Dark energy is the new 
black,” had caught fire. Challis had put them behind a curtain, too 
close to a candle. It fell to Harvard astronomer Christopher Stubbs to 
douse the flames with his drink. 

After the dishes were cleared away, Riess and Schmidt unveiled 
the surprise gift: cuff links engraved with “gq, < 0”—the inequality 
representing the discovery. (q, is the cosmological deceleration param- 
eter, which the High-z team’s calculations determined to be negative, 
indicating that the universe was undergoing the opposite of decel- 
eration.) Riess had ordered them from a Baltimore gift store, after 
showing store attendants the equation in the discovery paper. “I said, 
‘It really has to be the same italic font. It has to be the subscript zero 
that’s lower and smaller, it’s not Q Zero,’ ” he says. “I knew my col- 
leagues have very sharp eyes.” 

Meanwhile, Perlmutter and his colleagues were partaking of a 
Swedish Christmas smorgasbord with 16 kinds of smoked fish and 
other delicacies on 
the Fjaderholmarna, 
a luxurious group 
of islands on Stock- 
holm’s east coast. 
Muller gave a toast 
extolling Perlmutter 
for a richly deserved 
honor. It was a view 
that everybody in 
the group shared— 
including Penny- 
packer, who had 
come up with the 
original idea for 
the project. “I don’t 
know if I would have 
been capable of steering the project like Saul did’ Pennypacker says. 
“The founders are not the ones who take it to the next level of success.” 

But Perlmutter’s group, too, had its share of controversy over credit. 
One member who felt slighted was Gerson Goldhaber, who had hoped 
to win the Nobel along with Perlmutter. In the years before he died in 
2010, Goldhaber gave several talks in which he described himself as 
the first in his group to discern what the data were showing. 
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Unforgettable journey. The SCP team en route to an 
island smorgasbord and more toasting. 
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“He came home late one night in September 1997 and said, 
‘Guess what? There won’t be any big crunch,’ ” says his widow, 
Judith Goldhaber, who joined Perlmutter’s group for the celebra- 
tions in Stockholm. “He was not happy that others didn’t jump up 
and say, “Hooray, hooray,’ and announce it.” Perlmutter, ever cau- 
tious, wanted to check and double-check everything, a process that 
took a long time. “Gerson thought if the group had put more people 
on that job in a more aggressive way, they would have clearly beaten 
the other team,” Judith says. An optimist, Goldhaber believed he had 
a good chance of winning the prize as “a third man,” along with 
the leaders of the two teams. “So in a way, it was good that he died 
before the Nobel was announced,” Judith says. 


Saturday, 10 December 
Nobel Geremony, 


On Saturday, the day of the ceremony, the laureates were chauffeured 
to the Stockholm Concert Hall, where they took their seats on an 
enormous stage decorated with yellow and white flowers. Members 
of the two teams arrived by bus; some would later joke about feel- 
ing a sense of accomplishment merely at having successfully donned 
a Swedish tuxedo. Everyone rose as the king and queen of Sweden 
took their chairs on stage, marking the beginning of one of the world’s 
most elegant annual ceremonies. 

For the physics prize, Perlmutter’s name was called first. He 
walked up to the king to accept the gold medal and the diploma 
that all laureates get. As he shook : 
the king’s hand, trumpets blared in 
the background, somewhat sooner 
than he’d expected from rehearsals 
earlier in the week. Momentarily 
rattled, Perlmutter stepped back 
and froze for a few seconds instead 
of bowing to the king right away. 
Watching from their seats, Schmidt 
and Riess worried that Perlmutter 
had forgotten to bow. 

“Adam and I are sitting next to 
each other going, ‘Bow, bow,’ under 
our breaths,” Schmidt says. “Finally, 
Saul came to his senses and bowed.” 
As Perlmutter walked back, Schmidt and Riess greeted him with 
a relieved smile. “I’m so glad you went first,” Schmidt whispered. 

The Nobel banquet followed, an extravagant affair with an army 
of waiters serving more than 1300 guests. On the tables were bowls 
filled with chocolate discs wrapped in golden foil, embossed _ to 
look like the Nobel. “Coming back from the Nobel ceremonies,” 
Suntzeff wrote in a Facebook update after the banquet. “As I 
expected, it was bittersweet, as was the Nobel Gold medal choco- 
late dollar I got.” He later added: “Chocolate doesn’t fix things, but 
it really helps!” 


Party time, SCP mem- 
bers poseibetWeen 
banquet 


Monday, 12 December 
On the afternoon of 12 December, members of the two teams gathered 
at the Albanova University Center in Stockholm for a colloquium on 
the discovery. The event had been organized by Swedish scientists led 
by Ariel Goobar, a physicist at Stockholm University and a member of 
Perlmutter’s group. “The idea was to get both sides of the story, and in 
good harmony,” Goobar says. “It was quite an experiment.” 

After a week of lecturing and media interviews, the Nobelists were 
grateful to be able to moderate instead of having to give a speech. One 
by one, the other members came up to deliver brief talks. 

Kirshner, who had a plane to catch, 
was among the early speakers. His first 
slide showed a picture of astronomer 
Charles Kowal, who had died just a 
few weeks earlier. In a 1968 paper that 
would prove to be prescient, Kowal 
wrote that distant supernovae would 
one day be used as standard can- 
dles to measure the deceleration of 
the universe. In another slide, 
Kirshner paid tribute to Fritz 
Zwicky, who had found several 
supernovae beginning in the 1930s 
by searching during the darkest phase 
of the moon. The implied point, one 
that Kirshner had made at length 
in his book and elsewhere, was that—at least in Kirshner’s view— 
Perlmutter had not pioneered the search for supernovae in the way 
that his group claimed. 

“Since the length from one dark of the moon to the next is about 
29 days, and the rise time of a Type 1a supernova [the time the explo- 
sion takes to reach peak brightness] is 21 days, this makes the search 
in each dark of the moon very effective for finding supernovae,” 
Kirshner told Science. “[Perlmutter’s group] seems to believe they 
invented this. That may be true in some sense, but they didn’t invent 
it first. Zwicky did, and that’s how we were doing the observing at 
the Palomar Observatory when I was responsible for a month of the 
supernova search in 1971.” Because Perlmutter and his core team 
of collaborators weren’t astronomers, Kirshner says, “they were not 
very conscious that some of the problems they needed to solve had 
already been solved by others.” 

Kirshner ended his talk magnanimously, noting that “it was the 
hard work of the people in this room that made [the discovery] hap- 
pen sooner rather than later.” Then, Kirshner turned to Perlmutter 
and handed him a copy of his book that he had inscribed with a note: 
“Everybody deserves a lot of credit.” Perlmutter accepted it, smiling. 

It wasn’t long before Kirshner received a return jab from the 
SCP’s Richard Ellis, an astronomer at the California Institute of 
Technology in Pasadena. Ellis showed a comment that Kirshner had 
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written as a referee of a 1989 Nature 
paper by Ellis and a group of Danish 
astronomers, reporting the discovery 
of the first distant Type la supernova. 
Although Kirshner had endorsed the 
paper, he had also been skeptical of the 
authors’ enthusiasm for expanding the 
search to ultimately measure the cos- 
mic expansion rate. Because Kirshner 
had waived his confidentiality as a ref- 
eree, Ellis had no qualms putting up 
the report as a slide. He read out the relevant portion in a mocking 
tone. “[The authors] are embarked on a difficult path which we all 
hope will succeed,” Kirshner had written, “but we should all think 
carefully before deciding how much time should be spent with HST 
[Hubble Space Telescope] or on the ground in this exceptionally dif- 
ficult work.” The audience laughed, and Kirshner smiled through it 
all sportingly. 

Midway through the colloquium, a warmer reminiscence from the 
SCP’s Peter Nugent, an LBNL astronomer, dispelled whatever ten- 
sions were hanging in the air. It was a story from March 1997, when 
both teams were taking turns looking for distant Type 1a supernovae 
using the 4-meter Blanco telescope at the Cerro Tololo observatory. 
After a long night of observing, Nugent was driving down the moun- 
tain in one of the observatory’s old Volkswagen Beetles when the 
brakes failed. Schmidt, walking to the laundry room near the obser- 
vatory’s dormitory, saw the Beetle hurtling down the mountain road. 
As Nugent—eyes bloodshot from a sleepless night—rounded the 
last bend, the car headed 
straight toward Schmidt. 

Nugent steered the 
car onto a ridge right in 
front of the dorm, forcing 
it to roll over on its side. 
He emerged dazed but 
unhurt. Later, Schmidt 
told Nugent his first 
thought as he jumped 
out of the way was, “First 
they bring their damn 
computers that are going 
to beat us to the punch, 
and now he tries to kill 
me.” Nugent was pleased 
to learn that Schmidt had 
been the first person to 
pull him out of the car. 

At the end of the talks, 
Matt Mountain, director of the Space Telescope Science Institute in 
Baltimore, asked if the two teams would work with each other to 
probe dark energy, the mysterious force that appears to be causing 
the universe to accelerate. 


High point. An acci- 
dent involving a Volk- 
swagen Beetle at Cerro 
Tololo observatory 
(left) strengthened ties 
between two members 
of the rival teams. 


‘ Panagia 


Spurring each other. Team leaders Schmidt and Perlmutter 
square off for cameras at a conference in the 1990s. 


Perlmutter answered that they would, 
noting that he had collaborated with 
Riess on at least one occasion in the 
years since the discovery. The teams 
got together outside the auditorium 
for their first combined group photo, 
although Kirshner and a few others 
were not there. Within the next couple 
of days, nearly all of the researchers had 
returned home. 


Perlmutter forgot Kirshner’s book at the auditorium that afternoon. “It 
did get shipped to me later,’ he says. Perlmutter says he disagrees with 
several of Kirshner’s interpretations of events but is tired of debating 
them. “Anytime there’s any discussion on this, you get a nine-page let- 
ter from Bob,” Perlmutter says. “You could spend your life arguing 
with Bob, or you could go off and do other things.” 

In the end, the competition between the teams benefited science, 
Schmidt says. “We both had to 
work more quickly and better and 
smarter,” he says. And everybody 
agrees that having two teams 
arrive at the same result strength- 
ened the world’s confidence in the 
discovery. That’s what led to the 
Nobel’s being awarded a mere 13 
years after the discovery, rather 
than the typical 30 to 40 years. 

Riess says it was inevitable 
that many co-discoverers would 
feel left out, and he acknowledges 
that including them in the Nobel ceremonies is likely to have offered 
only partial consolation. “This is just the way it went down,” he says. 
“There was a lot of precursor work required for this discovery. There is 
precursor work to the precursor work. Science is a never-ending chain 
of progress. We all stand on the shoulders of what came before.” 

On 14 December, the day after Suntzeff returned to Texas A&M, he 
got an e-mail informing him that his parking spot had been moved to a 
location he calls the “worst parking spot” on campus. Suntzeff thought 
ruefully about Perlmutter at UC Berkeley, where the university grants 
Nobel laureates free parking for life. But he says he also realized how 
trivial the indignity was in the face of the discovery that he had helped 
to make. Two days after the Nobel announcement, he had written to the 
High-z team: “I hope that our friendship will withstand the Nobel, and 
the contradictory feelings of elation, jealousy, pride in accomplishment 
and the sting of lack of recognition outside our community.” He ended 
the note by reminding everybody that “no one else in history save our 
two groups, will ever be able to say, “we discovered most of the Uni- 
verse in 1998.” -YUDHIJIT BHATTACHARJEE 


Partners. High-z's Schmidt (left), 
Challis, and Suntzeff at La Serena. 
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Results: Definition of Success 


In January, we called on young scientists to answer these questions: What is your definition of a successful 
scientist? How has this definition changed between your mentor’s generation and your own? 


We heard from more than 150 young scientists. A sample of the best responses can be found below. To 
allow for as many voices as possible, in some cases we have printed short excerpts from longer submis- 
sions. To read the complete versions, as well as many more, go to http://scim.ag/NextGen2Results. 


Submit Now: Experiences That Changed Us 


Add your voice to Science! Our third NextGen VOICES survey is now open: 


Describe a specific experience and how it changed your science, training, or career goals. 


To submit, go to http://scim.ag/NextGen3 


Deadline for submissions is 18 May. A selection of the best responses will be published in the 6 July issue 
of Science. Submissions should be 250 words or less. Anonymous submissions will not be considered. 


Please submit only once. 


NextGen Speaks 


...IN THE PAST 40 YEARS, IT SEEMS THAT THE 
concept of a successful scientist has drifted 
from the depth of his knowledge to 
the quantity and impact of his 
publications.... 
CRISTIANO YUJI SASADA SATO 
Departamento de Ecologia, Univer- 
sidade do Estado do Rio de Janeiro, Rio 


de Janeiro, 20550-013, Brazil. E-mail: 
yujisato@gmail.com 


... TODAY'S SUCCESSFUL SCIENTISTS MUST BE 
able to innovate—thinking of novel scientific 
concepts that not only address 
hypotheses, but also captivate 
investors who may be will- 
ing to fund research. They 
must be able to collaborate, 
not just within their univer- 
sity, but also internationally and 
across university-industry partner- 

ships. They must be flexible and willing to 
use their science in a multitude of application 
areas, allowing for multiple funding opportu- 


nities. They must be masters of the “eleva- 
tor pitch,” relaying the relevance and urgency 
of their research area to everyone, especially 
the trainees who will be the scientists of the 
future. All of this, in addition to maintain- 
ing a full grant portfolio, publishing in high- 
impact journals, and staffing a full laboratory 
in a rocky financial climate. Innovators, mar- 
keting experts, financial gurus, teachers and 
mentors—today’s scientists are renaissance 
men and women, indeed. 

DOROTHY M. JONES-DAVIS 


Department of Neurology, University of California, San 
Francisco, San Francisco, CA 94143-0114, USA. E-mail: 
dorothy.jones-davis@ucsf.edu 


... INFLUENCE IN ACADEMIA HAS BEEN THE 
dominant criterion of success so far, but the 
next generation of scientists will be evalu- 
ated in terms of their influence in society. 
Such a change in how success is 
defined will not come without 
consequences for the prac- 

tice of science. Influence in 

academia corresponds to the 

ability to shape the research 


Asia-Pacific 
collaboration 


EDUCATION FORUM | 


PERSPECTIVES 


direction of a discipline or scientific com- 
munity. It is discipline-driven, requires spe- 
cialization, and is measured by the number 
of publications and citations. In contrast, 
influence in society-at-large corresponds 
to meeting great societal challenges. It is 
problem-driven, requires interdisciplinarity 
and engagement with nonacademic actors, 
calls for a responsible social role of science, 
and is measured by impact in society... 
GIUSEPPE FEOLA 
Department of Geography and Environmental Science, School 


of Human and Environmental Sciences, University of Reading, 
Whiteknights, RG6 5AB, UK. E-mail: g.feola@reading.ac.uk 


SUCCESSFUL SCIENTISTS EXCEL ON MULTIPLE 
levels; they conduct research, teach, and pub- 
lish, and they serve the research 
community by mentoring stu- 
dents and writing grants. 
) Today, there are increasingly 
more alternatives to a strictly 
academic career path. For 
example, researchers also work as 
entrepreneurs in start-up companies, act as 
consultants, or write as science journalists.... 
BEAT A. SCHWENDIMANN 

Centre for Research on Computer-Supported Learning and 
Cognition, Faculty of Education and Social Work, Univer- 


sity of Sydney, Sydney, NSW 2050, Australia. E-mail: beat. 
schwendimann@gmail.com 


IN EARLIER GENERATIONS, SCIENCE WAS MORE 
of a small-group endeavor. The key require- 
ment for scientific success was 
in-depth expertise in one 
narrow field and the ability 
to publish in that field. 
A successful scientist 
today is one who can bring 
people together into large-scale 
projects that require several different areas 
of expertise. Such endeavors require both 
scientific and translational vision. Also, it is 
crucial to have the ability to speak the lan- 
guage of several disciplines at once. Most 
important, a successful scientist must be 


6 APRIL 2012 VOL336 SCIENCE www.sciencemag.org 


Published by AAAS 


CREDITS: (DOROTHY M. JONES-DAVIS) LAURA GONZALEZ, FROM LAURA GONZALEZ PHOTOGRAPHY, SAN FRANCISCO, CA; OTHER PHOTOS COURTESY OF THE AUTHORS 


Downloaded from www.sciencemag.org on April 5, 2012 


CREDITS: (CARTOON) JOE SUTLIFF/WWW.CDAD.COM/JOE; (KINGSHUK PODDAR) NATIONAL UNIVERSITY OF SINGAPORE; OTHER PHOTOS COURTESY OF THE AUTHORS 


Muscle signaling 
to fat cells 


42 


able to inspire people with different training 
and skills to come together and work toward 
the overall vision.... 

PAVITRA KRISHNASWAMY 
Medical Engineering and Medical Physics, Harvard-MIT 


Health Sciences and Technology, Cambridge, MA 02142, 
USA. E-mail: pavitrak@mit.edu 


A SUCCESSFUL SCIENTIST IS ANYONE WHO 

makes a meaningful, search- 

able, and unforgotten contri- 

_ bution to the body of human 

knowledge. The findings 

need not be extraordinary, 

popular, or even widely rec- 

ognized, but the knowledge must 

be shared and permanently recorded so others 
may learn and build on it. 

NEILSON NGUYEN 

Department of Chemical and Physical Sciences, University 


of Toronto, Mississauga, Mississauga, ON, L5SL1C6, Canada. 
E-mail: neilson.nguyen@utoronto.ca 


A SUCCESSFUL SCIENTIST REMAINS CURIOUS 
like a young child. Scientists question the 
surrounding world, and this inquisitiveness 
is what contributes to a “successful scien- 
tist.” ...As Steve Jobs suggested, “Stay hun- 
gry, stay foolish.” Staying hungry means 
to always be curious to learn 
and achieve more, and stay- 
ing foolish is to keep an 
open mind, defy rules, and 
dare to take unconventional 
paths.... As a high school stu- 
dent passionate about science 
and math, I will strive to grow up to be like a 
curious child again because I hope to treasure 
this important attribute. 

MEERA TAPASYA RAMAKRISHNAN 


The Winsor School, Boston, MA 02215, USA. E-mail: 
mtap96@gmail.com 


... AS THE BREADTH OF KNOWLEDGE CONTIN- 


ues to expand at an astronomical pace and | 


the tools of our trade become more power- 
ful, yet more specialized and complex, the 
environment in which young scientists seek 


Hominid stone 
tool traces 
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success has correspondingly changed. Even 
navigating the sea of publications is a daunt- 
ing task. Breakthrough discoveries are hard to 
come by today, and we must recognize small 
discoveries as victories. But the nature of 
the scientist remains the same. 
We strive to have an impact 
on our field. We define suc- 
cess as making a meaningful 
contribution to the fabric of 

knowledge.... 
SUSAN DEUPREE 


Tandem Labs—RTP, Durham, NC 27703, USA. E-mail: 
suzdupe@gmail.com 


THE DEFINITION OF SUCCESS 
has not changed. As my 
mentor says: A successful 
scientist is one whose name 
in textbooks is moved from the 
“name index” to the “subject index.” 

MATUS SOTAK 
Institute of Physiology, Academy of Sciences of the Czech 


Republic, 14220, Prague 4, Czech Republic. E-mail: matus. 
sotak@gmail.com 


... TODAY, SO MUCH INFORMATION 
has been generated that the 
\ success of a scientist depends 
much more than in previous 
generations on how well she 
is able to extrapolate profound 


insights from this vast information base. 
Furthermore, the amount of relevant data 
is no longer limited to the research area to 
which the scientist belongs.... The future of 
a successful scientist therefore depends on 
how well she is able to look both deep and 
wide and, most important, on knowing what 
to look for. ANNELENE GULDEN DAHL 
Kavli Institute For Systems Neuroscience, Centre for the 
Biology of Memory, Norwegian University of Science and 


Technology, Trondheim, 7030, Norway. E-mail: anneled@ 
stud.ntnu.no 


YOU'LL FIND TODAY’S SCIENTISTS ALL OVER THE 
world: in the lab, in the Amazon, on Capitol 
Hill, or in a Sonoma vineyard. Considering 
this diversity, it’s difficult to come up with 
a universal metric for success—number of 
publications doesn’t cut it any- 
more. Success could be 
developing a new tuber- 

culosis treatment, teach- 

ing chemistry to under- 

privileged high school stu- 

dents, tracking down illegal 
drug traffickers, or inventing a new flavor of 
ice cream. Scientists succeed by providing a 
tangible benefit to society, be it through pub- 
lic or private means. ... They identify societal 
problems that they are passionate about and 
work toward solving them. The most success- 
ful ones always remember that science is not 
just for scientists. | GAUTHAM VENUGOPALAN 

Joint Graduate Group in Bioengineering, University of Cali- 
fornia, Berkeley, Berkeley, CA 94703, USA and University of 


California, San Francisco, San Francisco, CA 94143, USA. 
E-mail: gautham@futurescientist.org 


... TODAY'S SUCCESSFUL SCIENTIST 
is an effective manager, a shrewd 
technocrat, and a learned busi- 
nessman who knows not only 
how to generate but also how 
to sell his science.... A suc- 
cessful scientist has the ability to 
make sense of all this data, and can even 
take the findings of a failed experiment and 
include them in the next grant application.... 
KINGSHUK PODDAR 
Centre for Life Sciences, National University of Singapore 
Graduate School for Integrative Science and Engineering, 
117456, Singapore and Institute of Molecular and Cell Biol- 
ogy, Agency for Science, Technology, and Research (A*STAR), 


Proteos, 138673, Singapore. E-mail: kingshukpoddar@ 
gmail.com 


OUR MENTORS CONSTANTLY 
reminded us that failure 
wasn’t an option, hard work 
was the key to success, and being 

successful meant starting with securing a 
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tenured-track position and steadily advancing 
within our narrow and well-defined commu- 
nities. Success was a long list of awards, pub- 
lications, and achievements at the end of our 
professional careers.... The next generation 
will teach us that failure is a learning experi- 
ence, that work is play and both can be a game, 
and that success is measured in the many fac- 
ets of the work-life balance for each individual 
person.... JEFF D. HAMANN 


Forest Informatics, Inc., Post Office Box 1421, Covallis, OR 
97339, USA. E-mail: jeff.hamann@forestinformatics.com 


A SUCCESSFUL SCIENTIST IS ONE WHO IS ABLE 
to resist the temptation to lie 

about any aspect of his or her 

research and still publish 

unexpected, good results. He 

or she does not care about 

political trends (and maintains 

the spirit of discovering new fron- 

tiers).... Perhaps definitions are needed to 
make things happen. RICARDO S. SCOTT 


Developmental Neurobiology, Instituto de Neurociencias 
de Alicante, Alicante, 3550, Spain. E-mail: sscott@umh.es 


...FIFTY YEARS AGO, A SUCCESSFUL 
scientist was still predominantly a 
discoverer, adventurer, teacher or 
pioneer. Today, the description 
more often resembles that of a 
successful businessman. 

MICHELE WEBER 
Cell Biology and Immunology Group, Institute of Science 


and Technology Austria, Klosterneuburg, A-3400, Austria. 
E-mail: micheleweber80@gmail.com 


| BELIEVE WE ARE CURRENTLY WITNESSING THE 
second transition in what makes a successful 
scientist. My mentor’s mentor, not to mention 
previous generations, was able to define suc- 
cess in terms of the quality and quantity of 
research output. Although this remains unde- 
niably important to any meaning- 
ful definition of success, by 
my mentor’s generation, this 

had become insufficient. By 

then, the ability to commu- 

nicate one’s findings fluently 

and persuasively had become a 
key facet of success. A scientist who worked 
hard to make her or his name synonymous 
with a particular technique or research area 
effectively guaranteed that those seeking 
assistance in that field would initially turn to 
that scientist. Such collaborations could cat- 
alyze the transition from a competent to a 
world-class researcher. I believe that for my 
generation, a truly successful scientist is not 
only productive in terms of research output 
and in communicating with other scientists, 


but in communicating the importance of their 
work to a wider lay audience. An increasingly 
Web-savvy general public is trawling the 
Internet for answers, and the successful scien- 
tist needs to ensure that their research is pre- 
sented both accurately, and in a manner com- 
prehensible to nonscientists.. .. 

DUNCAN WRIGHT 
Institute of Cellular and Organismic Biology, Academia 


Sinica, Nankang, Taipei, 115, Taiwan. E-mail: dwright@ 
gate.sinica.edu.tw 


A SUCCESSFUL SCIENTIST IS AN OXYMORON. 
Even the most highly regarded researchers 
have to concede that their paths to the top 
were paved with the smoldering remains 
of failed experiments, rejected papers, and 

fortunate serendipity. What sets such peo- 
ple apart, however, is natural curiosity, ide- 
alistic passion, and the boundless ingenuity 
which fuels their drive toward trial-and-error 
and thickens their skins to the sharp barbs of 
failure. Humility is the noblest trait of good 
scientists, and the courage to admit ignorance 
is their most valuable tool. 

Unfortunately, the commercialization of 
science and the commoditization of knowl- 
edge mean that most modern scientists do 
not have the luxury of failure to guide their 
research. For them, failure does not mean 
feedback; failure means cutbacks. So they 
are forced, instead, to sell their wares to grant 
agencies with self-assurance 
and academic arrogance. 

Nevertheless, the sup- 
ply of young scientists is 
clearly outstripping its 
demand, so there must still 
be motivation to enter the sci- 
entific world. Maybe the idealized stories of 
Darwin, Fleming, and Feynman are enough 
to extinguish our cynicism and inspire us to 
continue our quest for knowledge. So, to me, 
a successful scientist is anyone who stirs up 
in others the curiosity to explore the splendor 
of the natural world. FALKO T. BUSCHKE 
Laboratory of Aquatic Ecology and Evolutionary Biology, 


Katholieke Universiteit Leuven, 3000, Leuven, Belgium. 
E-mail: falko.buschke@gmail.com 


.. «A SUCCESSFUL SCIENTIST FOSTERS THE CON- 
structive use of science to increase 
human knowledge for a better 
life instead of promoting its 
destructive use by nations to 
foster their competitive inter- 
ests as world powers... 
WEI WANG 


Department of Urology, School of Medicine, Fifth People’s 
Hospital of Fudan University, Shanghai, 200240, China. 
E-mail: ericwang79@yahoo.com.cn 


A SUCCESSFUL SCIENTIST IS ONE WHO HAD 

luck at any point in his scientific career and 

then built on it by working hard 
to complete the story... 

SARA SERAG 

Biotechnology Program, Ameri- 

can University in Cairo, New Cairo, 


11835, Egypt. E-mail: drsaraserag@ 
aucegypt.edu 


... THE REAL MEASURE OF A SCIENTIST’S GREAT- 
ness is the inspiration he or she passes on to 
others. Despite a growing societal fixation 
on money and fame, this definition of suc- 
cess has been true for many gen- 
erations. Fostering an environ- 
ment of learning and excite- 
ment in science is, perhaps, 
the most important endeavor 
one can undertake... 

SARA CHODOSH 


College of Arts and Sciences, University of Pennsylvania, 
Philadelphia, PA 19104, USA. E-mail: chosa@sas.upenn.edu 


... MY MENTOR AND HIS GENERATION BELIEVE 
that a scientist is someone who does aca- 
demic research. I believe that a scientist is 
someone who has been trained to think like 
a scientist. Because of this broadening of the 
definition of scientist, there must be a broad- 
ening of the definition of success. Only in aca- 
demic research are the met- 
rics for success numbers 
of papers published, talks 
given, or grants received. 
I believe that success in 
any career path should be 
quantified by subjective met- 

rics such as “Am I happy? Am I contributing? 
Do I believe in what I am doing?” Therefore, 
a successful scientist is anyone who has found 
a satisfying career path in which they use sci- 
entific skills such as organization, problem- 
solving, and critical thinking. 


ERIN CURRIE 


Gladstone Institute of Cardiovascular Disease, University of 
California, San Francisco, San Francisco, CA 94158, USA. 
E-mail: erin.currie@ucsf.edu 


Letters to the Editor 


Letters (~300 words) discuss material published 
in Science in the past 3 months or matters of 
general interest. Letters are not acknowledged 


upon receipt. Whether published in full or in part, 
Letters are subject to editing for clarity and space. 
Letters submitted, published, or posted elsewhere, 
in print or online, will be disqualified. To submit a 
Letter, go to www.submit2science.org. 
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Location Matters 


Douglas S. Massey 


revolution is under way in social sci- 

ence, and Robert Sampson’s Great 

American City offers an excellent 
exemplar of the new turn. In recent decades, 
thinking in the field has been dominated 
by methodological individualism, which 
assumed that rational actors make logical 
choices subject to material and informa- 
tional constraints, but within abstract, largely 
unstructured social environments. Under this 
paradigm, larger social structures such as 
families, households, neighborhoods, and cit- 
ies are simply the aggregate result of rational 
choices made by individuals. 

This view has come under intellec- 
tual assault on a variety of fronts. Cogni- 
tive science reveals that human rationality 
is not simply constrained by information 
and resources; it is not even rational in the 
deductive sense. Instead, it is structured by 
characteristic shortcuts known as heuristics 
that lead us to think in categorical rather than 
Boolean terms. 

At the same time, neuroscience indicates 
that our highly imperfect “rationality” is itself 
strongly conditioned by powerful emotions 
emanating from a parallel and interconnected 
but substantially independent processing 
system rooted in the mammalian brain. As 
a result, our “reasoned” actions often serve 
emotionally grounded motivations of which 
we are only dimly aware. They are often pre- 
judiced rather than rational. 

Lastly, sociological studies have dem- 
onstrated that the social contexts in which 
people make decisions are not unstructured 
but segmented in complex ways at a variety 
of organizational levels. The resulting social 
structures are connected to one another in 
ways that tend to reproduce and reinforce the 
status quo over time and strongly shape indi- 
vidual choices and outcomes. 

Great American City reflects this new 
thinking. It grew out of a massive research 
effort, led by Sampson (a sociologist now 
at Harvard University), that systematically 
sought to gather comprehensive information 
on individuals, families, households, neigh- 
borhoods, community areas, social struc- 
tures, and interpersonal networks in Chicago 
and follow them over time. The study’s design 


The reviewer is at the Office of Population Research, 239 
Wallace Hall, Princeton University, Princeton, NJ 08544, 
USA. E-mail: dmassey@princeton.edu 
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drew on theories and knowledge specified at 
a variety of levels of social organization. It 
wove together insights from social psychol- 
ogy, Microeconomics, cognitive psychology, 
network theory, organizational sociology, 
human ecology, and macroeconomics while 
deriving new theoretical connections between 
social structures and processes operating at 
various levels, always taking 
care to ground them solidly in 
space. The focus on the spatial 
referents of social processes 
led Sampson to develop a new 
methodology of “ecometrics.” 

The end result is a com- 
prehensive analysis of human 
behavior embedded within a 
fully described social system. 
The book convincingly dem- 
onstrates that individual outcomes are not the 
simple result of atomistic choices but reflect 
highly contingent decisions that unfold within 
spatially grounded social structures and insti- 
tutionalized processes that limit options and 
reproduce existing inequalities between indi- 
viduals, households, and neighborhoods. 

By situating human beings within a 
well-defined social system, Sampson con- 
textualizes individual actors and their deci- 
sions socially, spatially, and institutionally. 


Great American City 
Chicago and the Enduring 
Neighborhood Effect 


by Robert J. Sampson 
University of Chicago Press, 
Chicago, 2012. 552 pp. $27.50, 
£18. ISBN 9780226734569. 
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Thus, selective processes of social and spa- 
tial mobility come to be seen not simply as 
extraneous confounds to be controlled in 
order to get at the “truth” but as fundamen- 
tal features of the human condition that must 
be understood theoretically and modeled 
empirically. In the course of ten substantive 
chapters, Sampson accomplishes precisely 
this task and in the process offers a new 
vision for the study of human behavior. In 
his scheme, space—rather than withering in 
importance as a result of advances in trans- 
portation, communication, and computer- 
ization—retains and indeed increases its 
centrality in human affairs. 

Central to Sampson’s spa- 
tial analysis is the neighbor- 
hood. Without getting bogged 
down in the conceptualization 
of this social construct, the 
book systematically chron- 
icles the enduring and mul- 
tifaceted influence of local 
geographic areas on human 
welfare. Drawing on a wealth 
of meticulously compiled data, Sampson 
shows that the characteristics of neighbor- 
hoods are highly stable over time despite mas- 
sive movements of people and institutions into 
and out of specific areas. Rather than being 
determined by objective manifestations of 
crime and disorder, as the “broken windows” 
hypothesis would have it, durable inequalities 
between neighborhoods are driven mainly by 
subjective perceptions strongly connected to 
widely held prejudices of race and class. 

The key resources possessed by neigh- 
borhoods are collective efficacy—a shared 
expectation for social control—and organiza- 
tional capacity for civic action. Although the 
degree of a neighborhood’s collective effi- 
cacy is predicted objectively by rates of crime 
and social disorder, it is more strongly con- 
nected to concentrated socioeconomic disad- 
vantage and racial segregation. Once collec- 
tive efficacy and organizational capacity are 
weakened, neighborhoods easily slip into a 
self-reinforcing spiral of decline. 

In Sampson’s view, collective efficacy 
and organizational capacity are simultane- 
ously causes and consequences of individual 
and neighborhood characteristics. Although 
both efficacy and capacity are empirically 
predicted by concentrated disadvantage, 
they also act independently to influence 
a variety of individual and aggregate out- 
comes relevant to health, mortality, educa- 
tion, employment, and crime. Inhabitants of 
neighborhoods high in collective efficacy 
and organizational capacity display lower 
levels of cynicism and higher rates of altru- 
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ism, and indicators of neighborhood advan- 
tage and disadvantage cluster together spa- 
tially in remarkably durable ways. 

Sampson goes on to show that urban 
neighborhoods are themselves embedded 
within the larger social systems and struc- 
tures of the city. The welfare of urban- 
ites depends not only on their own neigh- 
borhood’s characteristics but also on the 
circumstances and processes unfolding in 
surrounding neighborhoods. Moreover, 
neighborhoods are inextricably linked to 
one another through well-established net- 
works of migration and exchange as well as 
interpersonal networks connecting commu- 
nity leaders and civic actors. 

As a result of this embeddedness, resi- 
dential mobility between neighborhoods 
is highly constrained. The vast majority 
of moves are horizontal rather than verti- 
cal, involving movement between neigh- 
borhoods similar with respect to class and, 
especially, racial composition. Leadership 
networks, interpersonal exchanges, and 
residential moves exemplify the continuing 
importance of racial segregation in metro- 
politan America. Across 40 years of obser- 
vation, most neighborhoods in Chicago 
remained constant with respect to their black 
and white composition. Although there was 
some movement of neighborhoods from pre- 
dominantly white to predominantly black, 
there was not one instance of a neighbor- 
hood moving in the reverse direction. Once 
a neighborhood became black, it remained 
black; if that neighborhood also became 
poor, it remained poor. 

Whereas Sampson’s summary diagram 
of residential mobility in Chicago reveals 
important pathways from mixed poor, mixed 
nonpoor, Latino poor, and Latino nonpoor 
neighborhoods to white poor and white non- 
poor neighborhoods, there are no such paths 
out of black poor or black nonpoor neigh- 
borhoods. Black residential mobility exclu- 
sively involved moves from one poor black 
neighborhood to another or from a nonpoor 
black neighborhood to another. Although 
Sampson observed some movement from 
poor black neighborhoods to nonpoor black 
neighborhoods, he failed to find any sub- 
stantial connections between black neigh- 
borhoods and white, Latino, or mixed neigh- 
borhoods, whether poor or nonpoor, in the 
city or suburbs. In the age of Obama, Chi- 
cago’s ghetto remains a self-contained and 
self-perpetuating social and spatial world. 

Sampson’s analysis has critical impli- 
cations for both social science and social 
policy, and Great American City is a must- 
read for anyone interested in either topic. 


Scientifically, it shows how to understand 
and model human behavior within com- 
plex social systems, moving the field away 
from methodological individualism and its 
attempts to control rather than study selec- 
tive processes. In terms of social policy, the 
book underscores the limits of investing in 
individuals without attempting to change 
the social and spatial systems within which 
they are embedded. This insight is both lib- 
erating and daunting—daunting in that sys- 
temic change is always difficult and painful, 
but liberating in the sense that it points to the 
sorts of changes that will actually make a dif- 
ference in breaking the self-sustaining cycles 
of poverty and inequality that now character- 
ize American life. 

10.1126/science.1220684 


SCIENCE PRACTICE 


Networking 
Knowledge Creation 


Stephen M. Fiore 


computing pioneer Michael Nielsen 

argues that the Internet is about to radi- 
cally change how we increase our under- 
standing of the universe. His easy-to-read 
and enthusiastic narrative integrates a set of 
ideas that could, indeed, revo- 
lutionize knowledge creation. 
Nielsen offers a set of fascinat- 
ing examples to illustrate how 
rapidly emerging methods for 
innovation produce important 
discoveries. He goes further to 
suggest that these will change 
our concepts of how science 
gets done and what it means to 
be a scientist. However, there 
are substantial systemic and 
cultural barriers to fully realizing these new 
forms of cognition and collaboration. 

In the book’s first half, “Amplifying Col- 
lective Intelligence,” Nielsen describes the 
benefits to cognition that can emerge from 
collaboration and through the use of techno- 
logical scaffolds. From his consideration of 
some early examples, he concludes that tech- 
nology for augmenting collective cognition 
must be designed to focus available exper- 
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tise (“expert attention”’) or elicit that exper- 
tise (“harnessing latent microexpertise’’). 
Using examples such as the scientific mar- 
ketplace InnoCentive as a stepping-off point, 
he argues that we need technologies that eas- 
ily connect people with problems to those 
who have, or can generate, solutions. And 
to succeed, networked science must engage 
not only the right people but also the right 
number of people (“conversational critical 
mass”) to generate the right solution. 

Taking Linux and the open source move- 
ment as emblematic examples of collabora- 
tion in service of problem solving, Nielsen 
notes important differences between tradi- 
tional science and what could be “open sci- 
ence.” The former, often cloistered, gener- 
ally requires rather substantial additions to 
a body of work to warrant publication and 
more time postpublication for the ideas to 
be built upon. Open source collaborations 
thrive on what Nielsen labels “microcon- 
tributions,’ which more quickly improve 
a design or idea. While his examples (e.g., 
MathWorks competition) do not necessarily 
involve the scientific method, he identifies 
how simple technological scaffolds such as 
scoring and immediate feedback provide the 
foundation through which important cogni- 
tive and motivational processes (e.g., “coor- 
dinated attention”) can emerge to accelerate 
innovation and discovery. 

Nielsen opens the book’s second half, 
“Networked Science,’ with the case for a more 
concerted effort to develop a 
“scientific information com- 
mons,” making data freely 
available and easily accessi- 
ble. Using examples such as 
the Sloan Digital Sky Survey 
and the Ocean Observatories 
Initiative, he suggests decou- 
pling the typically intimate 
connection between those who 
collect and those who analyze 
data. That would create oppor- 
tunities for more people and for people from 
different fields to explore data. Nielsen pos- 
its that these would lead to the emergence of 
“data-driven intelligence,” a form of artificial 
intelligence able to find meaning in these vast 
networks of knowledge. 

Next Nielsen takes up the idea of “democ- 
ratizing science.” He views this not as the sci- 
ence and technology policy theme of expand- 
ing who decides what science gets done 
but as broadening who does the science. To 
illustrate the rewards of “citizen science,” he 
describes discoveries made by participants in 
projects such as the Galaxy Zoo website for 
classifying images of galaxies. He makes a 
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compelling case that the Inter- 
net helps nonprofessionals make 
important contributions to con- 
temporary research. 

The author goes on to address 
open access, perhaps the biggest 
impediment to the full realization 
of networked science. He details 
how systems like arXiv and PLoS 
have provided an important stim- 
ulus to the production of ideas. 
Equally important are the cre- 
ation, use, and management of 
open forums for debate and dis- 
cussion of science. 

Many of the developments 
Nielsen details were not the result 
of scientists collaborating. Rather, 
much of the work was done by 
amateur researchers who hoped 
to solve real-world challenges. 
Getting professional scientists to 
openly contribute and collaborate 
is asystemic problem, and Nielsen 
details many attempts at, and fail- 
ures in, open forum projects such 
as science wikis. He suggests some solutions, 
including changing incentives to value more 
than just publications and citations and estab- 
lishing reward systems for publishing data. 
Nielsen recognizes that such changes must 
be encouraged at higher levels through policy 
initiatives; only then will university admin- 
istrations alter their tenure criteria. If scien- 
tists are not rewarded for sharing data, freely 
contributing ideas, or collaborating in open 
forums, his vision of networked science will 
never be realized. 

Nielsen’s timely volume weaves together 
themes of big data, open access, gamifica- 
tion, and citizen science to make bold claims 
about what discovery may look like in the 
21st century. While he should be applauded 
for integrating these developments, one 
wishes for a deeper analysis of foundational 
issues, and we cannot let our enthusiasm for 
these new tools outpace our understanding 
of their use. To begin, we need clear termi- 
nology. The field of “network science” has 
existed for decades, analyzing a variety of 
complex interconnected systems, natural and 
man-made. The approach has recently been 
applied to scientific publications to better 
understand collaboration in the context of 
knowledge production and innovation (/). 
“Team science” involves interdependent, 
often interdisciplinary, teamwork in service 
of complex scientific problem solving (2). 
Like others before him (3), Nielsen mixes 
pieces of these areas to create a definition of 
networked science involving an often-loose, 
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distributed collaboration via the Internet. 
This cooperation can range from sharing data 
and equipment to using specific technologies 
to pool or integrate the input of hundreds or 
thousands of collaborators. 

When Nielsen delves into the challenges 
of group process, his arguments are weaker. 
For example, he often conflates two funda- 
mentally different aspects of technology- 
enabled collaboration. Whereas locating the 
right person is relatively tractable, creating 
the technology to support collaborative cog- 
nition is a more formidable challenge. By 
focusing on success stories, Nielsen under- 
states or ignores the inherent process prob- 
lems that cognitive technology needs to sur- 
mount. Take the book’s continuing thread 
concerning motivation. For professional sci- 
entists, this involves incentives to share data 
and ideas. For citizen scientists, it entails 
deriving pleasure from taking part in open 
science projects. Nielsen does not address 
these more complex aspects of human behav- 
ior, but they are clearly at the core of his the- 
sis. Without a more thorough understand- 
ing of motivation and associated social and 
organizational factors (4), we cannot expect 
to make the kinds of systemic changes being 
called for or expect continuing participation 
by citizens. Although Nielsen makes it clear 
that collaborative and cognitive dynamics 
are fundamental to networked science, he 
provides little explanation as to what these 
are and little guidance as to how to create or 
manage these dynamics. 
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The projects Nielsen discusses 
vary considerably in the amount 
of expertise they require: Foldit 
and Galaxy Zoo allow naive par- 
ticipants to step in and contrib- 
ute, whereas eBird, PolyMath, and 
Kasparov versus the World demand 
at least some, and often consider- 
able, expertise. Only by consider- 
ing the nature and quality of the 
required expertise can we design 
the technologies necessary for 
their scaffolding. Related to this, in 
describing types of problem solv- 
ing, Nielsen conflates perceptual 
and conceptual expertise. Although 
Nielsen’s examples show how nov- 
ice or even naive participants can 
engage in complex perceptual 
processes (e.g., Foldit and Galaxy 
Zoo), conceptual knowledge is 
required to interpret and place in 
context their findings. 

Nielsen applies the term “col- 
laboration” rather liberally. Team- 
work researchers would agree with 
him in cases such as MathWorks, where pro- 
grammers build off one another’s input. They 
might express reservations about other exam- 
ples, such as eBird, where participants merely 
supply data. Somewhere in between lie proj- 
ects like Foldit, where members can simply 
play and have their solutions added to a pool 
or can discuss strategies and how to improve 
their performance. 

The social, organizational, and computa- 
tional sciences have a long and rich history in 
understanding and improving collaboration 
(5). Leveraging these and related scholarly 
fields, we can create interdisciplinary solu- 
tions through methods and technologies that 
augment and amplify collaborative cognition. 
For example, the recently emerging “science 
of team science” seeks to integrate disparate 
disciplines in support of scientific teamwork 
(6). The promise of network science warrants 
a reflective stance. With Reinventing Discov- 
ery, Nielsen provides an important founda- 
tion for moving forward. 
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Improving Asia-Pacific Science 
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Ithough there are important sci- 

entific contributions being made 

around the globe, the most dramatic 

new developments are taking place among 
nations in the Asia-Pacific. Of course, the 
United States and Japan have long been lead- 
ing Asia-Pacific innovator nations in science 
and technology, and Australia and Canada 
have been solid contributors to knowledge. 
But it is the relatively new entrants from the 
Asia-Pacific that are chang- 
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output of Chinese scien- 
tists is set to surpass that of 
U.S.-based scientists by 2013. Major invest- 
ments in discovery and innovation are build- 
ing capacity in Korea, Singapore, and Tai- 
wan. Enhanced collaboration between insti- 
tutions has the potential to lead to higher- 
impact research (2) and to tap the widening 
base of research expertise. Given the rapid 
rise in trade and economic cooperation 
among countries in the Asia-Pacific region, 
we propose that a concerted and immediate 
effort is required to enhance Asia-Pacific 
science collaboration. 


Promoting Researcher-to-Researcher Linkages 
Over the last decade or so, great effort has 
been expended in trying to develop uni- 
versity-to-university linkages globally and 
around the Pacific. These forms of linkage 
include the Association of Pacific Rim Uni- 
versities (www.apru.org);Universitas 21 
(www.universitas21.com); the International 
Alliance of Research Universities (www. 
iaruni.org); and the International Associa- 
tion of Universities (www.iau-aiu.net). 
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Recommendations affecting researchers, 
curricula, institutions, and tenure in the 
Asia-Pacific could increase innovation. 


Although these networks have helped cre- 
ate expanded opportunities in undergraduate 
student mobility and in the sharing of orga- 
nizational experience, none has had substan- 
tial impact in promoting enhanced research 
collaboration. Although seed-funding of 
small research initiatives and workshops 
has helped bring researchers together, this 
has not resulted in larger-scale collabora- 
tions because these efforts have been defined 
in a largely top-down manner, and there is 
a lack of adequate follow-on funding that 
could support collaborators across differ- 
ent countries. There are, however, ways of 
helping to encourage individual faculty and 
other researcher linkages through operational 
approaches that help identify needs, potential 
partners, and resources. 

For example, the Global Knowledge Ini- 
tiative (http://globalknowledgeinitiative. 
org/) has launched a series of programs that 
seek to connect resources and people around 
science, technology, and innovation chal- 
lenges of the developing world. The orga- 
nization is active globally, working with 
scientists to identify challenges, develop 
purpose-driven networks to tackle them, and 
build the skills required to innovate collab- 
oratively. Injecting rigor into the process of 


locating resources and partners (rather than 
the commonly observed, ad hoc approach) 
and making sense of the context in which 
collaborative innovation occurs, the organi- 
zation straddles the divide between national 
and regional development goals and individ- 
uals’ capability and need to achieve them. 


Sharing Curricula 
One of the least efficient aspects of global 
university culture is the constant reinven- 
tion of curriculum at the department, and 
even individual faculty member, level. It is 
difficult for professors at the best-resourced 
institutions to keep up with all the develop- 
ments in a teaching field that is usually wider 
than the professor’s specific research inter- 
ests. For university teachers in the develop- 
ing world, the effort is virtually impossible. 
If we want to create a more level playing 
field, use our professors’ time more produc- 
tively, and help to create the talent that will 
allow more effective international collabo- 
ration to flourish, academic leaders must 
consider investing collectively in curricula 
that could be shared regionally. 

The Massachusetts Institute of Tech- 
nology (MIT) open-curriculum platform 
is admirable in concept, but is not likely to 
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fundamentally reshape curricula in the Asia 
Pacific because it is a one-way projection. We 
suggest that deans and curriculum develop- 
ment leaders from institutions in different 
countries could productively work together to 
develop curricula for specific courses that are 
at once up-to-date, transferable, and sensitive 
to resource constraints in different settings. 
In parallel, efforts could be made to engage 
with digital innovators to see how new tech- 
nologies might facilitate the wider sharing of 
the curricula developed. 

Although language barriers are real, they 
are not insurmountable. English is the lingua 
franca of science for the time being, and it 
would be possible to draw together teams to 
develop curricula in English, which could 
then be translated into a range of languages 
for students in various countries. 

Another great inefficiency in university 
curricula is the offering of advanced courses 
to small groups of students. In many fields, 
these courses are vital and must be taught 
every year, but only to the small numbers of 
students specializing in those areas. Simply 
forming consortia and teaching these courses 
collaboratively, perhaps using interactive dig- 
ital systems, would permit departments to cut 
their loads while allowing students and fac- 
ulty from different institutional settings and 
countries to learn from each other. An exam- 
ple is the National University of Singapore— 
University of Toronto joint minor in environ- 
mental science that leverages on complimen- 
tary academic strengths and avoids the need 
to develop “duplicate” capabilities. 


Making International Collaboration Count 

in Universities 

International collaboration is an effective 
and powerful way of bringing complemen- 
tary expertise together to pursue and achieve 
higher-impact science research (3). At the 
same time, international collaboration can 
also result in some cost and efficiency sav- 
ings by reducing the duplication of equip- 
ment and expertise in different localities. Yet, 
university faculty may choose not to pursue 
international collaboration opportunities for 
a variety of reasons, including, in particular, 
how collaborations are evaluated for tenure 
and promotion. Collaborative work, espe- 
cially interdisciplinary work, is often dis- 
couraged because of the view that young fac- 
ulty members must establish their individual 
reputations in their own disciplines. 

Tenure and promotion decisions are 
among the most important ways of influenc- 
ing the future direction of universities. The 
balance that has been struck in most globally 
influential universities is to focus tenure and 
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promotion decisions equally on research and 
teaching, with less but some emphasis being 
given to “service.” We think that universities 
and their faculty associations would benefit 
from explicitly taking productive interna- 
tional collaboration into account in the pro- 
motion and tenure process. 

We are not suggesting that every profes- 
sor must collaborate internationally. How- 
ever, international collaboration is appro- 
priate in many disciplines, and especially in 
fields that address global challenges. Finding 
concrete ways within university processes to 
recognize and create incentives for such col- 
laboration is important. 


Building Innovation Ecosystems 

For decades now, social science researchers 
have identified the need to build “clusters” 
for innovation to thrive and to be sustainable 
(4). Innovation “hubs” have been identified 
in Silicon Valley (5), along route 128 outside 
Boston (6), in Cambridge in the UK (7), and 
in Tokyo (8), just to offer a few examples. It is 
clear that one of the key elements in the cre- 
ation of such clusters or hubs of innovation 
is the presence of at least one major research 
university. The most successful hubs have 
access to a collection of leading institutions 
of higher learning and research. But great 
universities alone are not enough. 

To create powerful centers of scientific and 
technological discovery and innovation, an 
entire “innovation ecosystem” is required, (9) 
which encompasses a critical mass of diverse 
types of talent. These include high-quality 
researchers and graduate students and, in the 
case of biomedicine, clinician-scientists and 
clinical researchers linked to hospital sys- 
tems that are strongly supportive of transla- 
tional clinical investigation. Beyond these 
elements, the ecosystem needs experienced 
entrepreneurs who can incubate and grow 
promising start-up companies or can mentor 
others to do so. The presence of investors and 
venture capitalists willing to invest at various 
stages of development is crucial, particularly 
to provide early-stage funding and, in many 
cases, business expertise. Large technology 
or pharmaceutical companies, with their cor- 
porate laboratories, bring industry research 
and development perspectives to the ecosys- 
tem, as well as expertise and opportunities 
for collaborative research, often with specific 
applications in mind. 

To work well, the ecosystem must foster 
an environment that promotes a free flow of 
people, ideas, and experiences across institu- 
tions and sectors. This sharing may be ham- 
pered by the traditional preoccupations with 
intellectual property protection, technology 
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transfer, and commercialization at the level 
of individual institutions. 

We therefore encourage the convening of 
a group of relevant organizations to consider 
how stronger innovation ecosystems could 
be created in the Asia-Pacific and, in par- 
ticular, the role of enhanced transnational 
cooperation. The organizations should 
include agencies that promote science, sci- 
ence and technology research funders, uni- 
versities, and key business groups in the 
Asia-Pacific region. 


Further Implications 

The action steps that we detail here would, 
we believe, help to promote much stronger 
scientific collaboration in the Asia-Pacific. 
Other steps are implied in what we have sug- 
gested. These include greater talent mobil- 
ity among graduate students, postdoctoral 
fellows and established researchers, and the 
facilitation of mobility through more flex- 
ible visa arrangements, perhaps modeled 
on the Asia-Pacific Economic Cooperation 
(APEC) business travel card, which allows 
for pre-cleared multiple entry for frequent 
business travelers within the APEC region. 
Of course, there is still much to learn about 
the complex processes of scientific discov- 
ery, innovation, and the role of collabora- 
tion. These issues are of particular moment 
in the Asia-Pacific because of the fast emer- 
gence of new players with dramatically 
increased capacity for discovery. We encour- 
age further collective thought and suggest 
that research organizations, think tanks, and 
universities in the region would do well to 
elaborate shared programs to better under- 
stand the various existing mechanisms that 
promote scientific collaboration. 
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IMMUNOLOGY 


Rebuilding the Thymus 


Avinash Bhandoola’ and David Artis? 


he thymus is the essential genera- 
tive organ for T cell production, con- 
served from cartilaginous fish to 
humans (/). It is periodically colonized by 
lymphoid precursor cells from the blood, 
and after a period of maturation, T cells 
emerge bearing specific T cell receptors 
(2). This constitutes an arm of the adaptive 
immune system that provides many different 
modalities of protection. But many condi- 
tions affect thymus function, including ther- 
apeutic treatments such as chemotherapy 
and irradiation, with dire consequences for 
host protection (3). On page 91 of this issue, 
Dudakov et al. (4) demonstrate a surprising 
role for a subset of innate lymphoid cells in 
regenerating the thymus. This has implica- 
tions for restoring and maintaining normal T 
cell immunity during conditions when thy- 
mus function is diminished. 

The roles of innate lymphoid cells are 
poorly understood. Some populations have 
only recently been discovered (5) whereas 
other well-known immune cells, such as 
lymphoid tissue inducer (LT1) cells, are now 
considered part of this innate lymphoid fam- 
ily (6). LTi cells are required for initiating 
lymph node development in fetal mice, and 
they coordinate lymphoid tissue repair fol- 
lowing viral infection (7, 8). More recently, 
LTi-like cells have been shown to function 
outside lymphoid tissue development and 
maintenance in mice. After epithelial dam- 
age due to chemical or infectious stimuli, 
LTi-like cells respond to the cytokine inter- 
leukin-23 (IL-23) by producing IL-22 and 
IL-17 (5, 9). These cytokines in turn direct 
the expression of antimicrobial proteins, 
and promote epithelial proliferation and tis- 
sue repair at barrier surfaces. Indeed, LTi- 
like cells appear to be the dominant source 
of IL-22 shortly after enteric bacterial infec- 
tion in mice (/0). 

Dudakov et al. show that the cytokine 
circuit in which IL-23 activates LTi-like 
cells to make IL-22 also operates during 
thymic regeneration (see the figure). The 
authors discovered a population of lympho- 
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Cytokine circuit. Immature T cell precursors may normally inhibit production of IL-23 by thymic dendritic 
cells. If T cell precursors are depleted, dendritic cells may stimulate innate lymphoid cells (LTi-like cells), 
which stimulates proliferation and survival of thymic epithelial cells that support T cell development. 


cytes within the mouse thymus identical to 
LTi cells on the basis of the expression of 
characteristic cell surface proteins (5). Fur- 
thermore, these intrathymic lymphocytes 
express the transcription factor RORY(t), 
which is required for the development of 
LTi cells (//). To study the function of 
these intrathymic LTi-like cells, the authors 
depleted T cell precursors in the thymus by 
either total body irradiation or synthetic ste- 
roid administration in mice. Both condi- 
tions triggered production of IL-23 by intra- 
thymic dendritic cells, which subsequently 
stimulated IL-22 production by intrathy- 
mic LTi-like cells. Further, thymic recovery 
was compromised in mice lacking IL-22 or 
IL-23. IL-22 may act by enhancing prolifer- 
ation and survival of thymic epithelial cells, 
which are essential for T cell development. 
Administration of exogenous IL-22 acceler- 
ated thymic reconstitution after irradiation 
in mice, suggesting potential clinical util- 
ity. The results of Dudakov ef al. are con- 
sistent with the known role for LTi-like cells 
and IL-22 in promoting tissue repair in the 


spleen, intestine, liver, and skin (S, 72-14) 
and point toward a key role for intrathymic 
LTi-like cells in sensing thymic damage and 
acting locally to restore tissue homeostasis. 
In addition to chemotherapy and radiation 
insults, the thymus is adversely affected by 
various conditions (chronic stress, inflam- 
mation) and by processes such as thymic 
involution, which occurs with age and may 
explain the increased susceptibility to infec- 
tion in the aged (/5, 16). The thymus also 
shrinks during pregnancy in response to 
reproductive steroid hormones. There is 
keen interest in learning how thymic func- 
tion is normally controlled, as this is very 
poorly understood at present (/6). 

How do intrathymic dendritic cells and 
LTi-like cells sense the requirement for thy- 
mic and immune regeneration? Dudakov 
et al. examined different strains of mutant 
mice with engineered alterations in T cell 
development and found an inverse correla- 
tion between the number of immature thy- 
mic T cell precursors and the amounts of 
IL-22 and IL-23 produced in the thymus. 
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However, the mechanisms by which thymic 
dendritic cells sense T cell precursor num- 
bers have yet to be determined. One possi- 
bility is that T cell precursors produce fac- 
tors that prevent IL-23 production by thy- 
mic dendritic cells. Loss of T cell precursors 
would therefore result in thymic dendritic 
cell activation and IL-23 production. 

The role of LTi cells in thymic regenera- 
tion provides insight into an apparent puz- 
zle—that innate lymphoid cell subsets pos- 
sess functions that mirror those of helper 
T cells. Indeed, different innate lymphoid 
cells and helper T cell subsets produce 
combinations of a variety of cytokines (IL- 
17, IL-22, IL-5, IL-9, IL-13, interferon y, 
and amphiregulin among others) (5). This 
suggests a close evolutionary relationship 


between the two cell types, but raises the 
question of whether unique and nonredun- 
dant functions even exist for innate lym- 
phoid cells. Although both cell types may 
share effector functions, they are stimulated 
in different circumstances. Dudakov et al. 
indicate that intrathymic innate lymphoid 
cells are activated when generation of the T 
cell adaptive arm of the immune system is 
compromised. This reveals how innate and 
adaptive lymphocytes complement and reg- 
ulate each other. For immunologists study- 
ing innate lymphoid cells, such surprises 
are likely to continue. 
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APPLIED PHYSICS 


Stressing Ferroelectrics 


J. Marty Gregg 


accelerate due to Earth’s gravitational 

field. It is much less obvious, however, 
that objects also stretch during free fall. The 
decay in the gravitational field strength with 
distance away from Earth’s surface means 
that, during a fall, parts of objects closer to the 
ground experience a greater force of attrac- 
tion than those farther away. This difference in 
attractive force between top and bottom pro- 
duces a net stretching effect. It is not the field 
strength that causes stretching; rather, it is the 
change of field over distance, or field gradient, 
that matters. In extreme environments, such as 
those close to black holes, gravitational field 
gradients can be huge, causing such profound 
elongation that astrophysicists have coined a 
specific term, “spaghettification,” to convey 
the change in shape suffered by objects in 
these exotic regions of space. In our every- 
day experience, however, effects resulting 
from field gradients are not usually strongly 
noticeable and are generally only considered 
to produce second-order effects of little con- 
sequence. Despite this, on page 59 of this 
issue, Lu et al. (/) have been able to cause 
a reversal in the direction of polarization in 
a ferroelectric material (ferroelectric switch- 
ing) solely by using the induced gradient of 
an applied mechanical stress. 


|: is an obvious fact that falling objects 
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That uniform stress fields, without stress 
gradients, can alter electrical polarization 
is extremely well established and is called 
piezoelectricity. As a phenomenon, piezo- 
electricity became the focus of intense 
interest for naval research during the sec- 
ond World War. The primary reason was 


Applying pressure with a scanning probe 
microscope tip causes the polarization state 
of a ferroelectric material to switch. 


that piezoelectrics were found to both use- 
fully generate and detect sonar pulses under 
water. One of the main figures in piezo- 
electric research during this time was L. E. 
Cross. Although not the first to suggest that 
stress gradients might also induce changes 
in electrical polarization (2—5), he was cer- 
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Under pressure. (A) Pushing the tip of the scanning probe microscope causes a stress gradient in the fer- 
roelectric film that induces switching in the orientation of the local polarization (B). Field gradients are 
extremely short-range (C) and are therefore only likely to dominate overall material response in nanoma- 
terials and ultrathin films where the entire system is close to the field source. Nanopatterning could extend 
the length scales for field gradient effects by reducing dimensionality: Compare the form of the 1/r? and 1/r? 
decay in field gradient with distance expected in 2D and 3D geometries, respectively. 
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tainly a pioneer in experimentally assessing 
the potential magnitude of the “flexoelec- 
tric” or stress gradient—induced polariza- 
tion effect. Over the last decade he has used 
simple and elegant beam-bending experi- 
ments to show that stress gradients alone 
can induce changes in electrical polariza- 
tion (6—8). Although debate continues as 
to the absolute magnitude of flexoelectric 
coefficients (9), it is, nevertheless, gener- 
ally conceded that flexoelectricity could, 
in the right circumstances, dominate over 
piezoelectricity as the primary mechanism 
by which applied stress might alter material 
polarization. 

The geometry of Lu et al.’s experiment 
epitomizes the “right circumstances” for 
flexoelectricity (see the figure, panels A 
and B). The stress field is caused by a min- 
ute point contact [the tip of an atomic force 
microscope (AFM)]. As a result the stress 
field is strongly divergent close to the fer- 
roelectric film surface, generating large field 
gradients; in addition, the ferroelectric film 
is rather thin (4.8 nm) so that appreciable 
stress field divergence persists throughout 
the entire film thickness. The orientation of 
the barium titanate (BaTiO,) film is such that 
the polarization direction must lie perpen- 
dicular to the film surface. Thus, although 


pure mechanical pressure and piezoelec- 
tricity can suppress polarization, flexoelec- 
tricity is needed to switch the direction of 
polarization from up to down in a repeatable 
and predictable manner. Because no elec- 
tric fields are applied, the switching need not 
be complicated by issues relating to charge 
injection and dielectric leakage. However, 
it is a little frustrating that only downward 
pressure can be applied to the ferroelectric 
film (the AFM tip can only push and not 
pull), and, consequently, flexoelectric polar 
switching can only be demonstrated in one 
direction. This limitation presents a draw- 
back for any proposed future flexoelectric 
memory devices. 

Nevertheless, Lu et al. have successfully 
illustrated the importance of nanoscience as 
a general tool for capitalizing on field gra- 
dient effects. The magnitude of the field 
gradient decays very rapidly with distance 
(1/r°) (r is the distance away from the tip- 
to-surface contact point). For system behav- 
ior to be dominated by field gradient effects, 
objects therefore need to be both close to 
the field source and small in size so that the 
entire object is permeated by large field gra- 
dient values. These are features only offered 
by nanoscale materials. Furthermore, if 
the dimensionality of the problem can be 


reduced, by nanopatterning, for example, 
then there is potential to capitalize further on 
a less severely decaying field gradient than 
is the case in three dimensions. For exam- 
ple, for a point source in two dimensions, 
the field gradient is exactly the same as for 
the three-dimensional (3D) case, save for the 
less extreme decay with distance from the 
source (1/r*) (see the figure, panel C). 

Thus, although part of the success in the 
study by Lu et al. has been to specifically 
demonstrate that stress field gradients can be 
large enough to induce ferroelectric switch- 
ing, their breakthrough is actually more gen- 
eral—that nanoscale systems represent the 
ideal environment in which to capitalize 
upon field gradient effects. 
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MEDICINE 


Irisin, Light My Fire 


Daniel P. Kelly 


egular physical activity confers 
R croc fitness benefits. Exer- 

cise training enhances muscular 
endurance and strength, expends calories, 
and combats the development of common 
diseases such as obesity and type 2 diabe- 
tes. The effects of exercise are systemic and 
seemingly cannot be explained solely by 
the expenditure of calories in muscle (/). A 
recent study by Bostrom ef al. (2) describes 
a mechanism that may elucidate how total 
body energy expenditure is increased by 
exercising muscle. 

Exercise training results in adaptive 
structural and metabolic changes in skele- 
tal muscle, including a change in the type 
of muscle fiber, mitochondrial biogenesis, 
and angiogenesis (3). Substantial progress 
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has been made in delineating the molecu- 
lar regulatory circuitry involved in the exer- 
cise-induced changes in muscle structure 
and function. Notably, the expression of 
a gene transcriptional co-regulator called 
peroxisome proliferator—activated recep- 
tor y (PPARY) coactivator 1a (PGC-1«) is 
induced in muscle in response to exercise in 
rodents and humans (4, 5). In mice, PGC-1a 
activates and orchestrates genes that medi- 
ate the adaptive changes of exercise-trained 
muscle (6, 7). Mice engineered to over- 
express PGC-1q@ in skeletal muscle show 
increased exercise endurance, vascularity, 
and mitochondrial capacity to produce ade- 
nosine 5’-triphosphate (ATP) in the absence 
of exercise (6). In addition, such mice 
exhibit relative resistance to age-related 
obesity, insulin resistance, and diabetes (8). 
Investigation of the subcutaneous fat tis- 
sue depots in the muscle-specific PGC-1lo— 
overexpressing mice revealed a surprising 


Published by AAAS 


Anewly discovered messenger system between 
muscle and fat tissue may explain the systemic 
benefits of exercise. 


finding (2). Specifically, the white fat cells 
displayed signatures of brown fat cells, a fea- 
ture referred to as “browning.” Unlike white 
adipose, which simply stores fat, brown fat 
is specialized to uncouple mitochondrial 
respiration, allowing for the generation of 
heat. Thus, brown fat serves an important 
thermogenic function for rodents and all 
species that hibernate. Interestingly, humans 
also have functional brown fat (9—/2). The 
surprising observation that white fat in the 
PGC-1o—overexpressing mice exhibited 
browning suggests that muscle activity dur- 
ing exercise triggers remodeling of distant 
subcutaneous adipose tissue depots. Consis- 
tent with this hypothesis, exercise may acti- 
vate thermogenic programs in fat tissue (/3). 

How does exercise, as modeled by 
PGC-1q overexpression in muscle, cause 
changes in remote fat tissue depots? Profil- 
ing of muscle genes activated by PGC-1a 
identified a factor called fibronectin type 
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II domain containing 5 (FNDCS5) with pre- 
dicted structural features of a type I mem- 
brane protein that could be proteolytically 
cleaved to release a smaller protein into 
the bloodstream. Indeed, Béstrom et al. 
offer several lines of evidence to show that 
a secreted protein product of FNDCS, 
named irisin (after the Greek god- 
dess messenger Iris), is the muscle- 
derived factor that acts upon white 
fat in the PGC-1a—overexpress- 
ing mice. One is that exercise- 
induced FNDC%5 gene expression 
in muscle caused an increase in the 
concentration of circulating iri- 
sin. In addition, irisin activated 
oxygen consumption and ther- 
mogenesis in white fat cells 
in culture. Further, injec- 
tion of an adenoviral vec- 
tor expressing irisin into 
mice resulted in browning 

of subcutaneous white fat 
and increased total body 
energy expenditure. These 
results support the model that 
exercise induces muscle FNDC%5 expression. 
This response increases the amount of circu- 
lating irisin, the factor that activates adipo- 
cyte thermogenic programs, thereby leading 
to mitochondrial heat production and energy 
expenditure (see the figure). 

The fascinating results of Béstrom ef al. 
raise a theoretical conundrum: Why would 
physical activity induce a program that burns 
fat stores? This would seemingly lead to a 
cycle that would deplete available fuel stores 
for exercising muscle. Although the answer is 
not immediately apparent, it is possible that 
this mechanism evolved as a primitive sur- 
vival response. For example, Béstrom et al. 
note that increased muscle activity generates 
heat through shivering and futile metabolic 
cycles, providing a defense against a cold 
environment. Perhaps irisin serves as a first 
messenger to rapidly increase thermogenic 
capacity by boosting respiratory uncoupling 
in adipose tissue. Similarly, increased physi- 
cal activity is necessary for the organism to 
travel to a new habitat, often requiring long 
periods of exposure to harsher (colder) envi- 
ronments. In this latter scenario, exercising 
muscle would trigger the secretion of iri- 
sin as a signal to increase total body ther- 
mogenic defenses. However, the lack of iri- 
sin action on brown adipose tissue depots, 
as observed by Béstrom et al., would seem 
to be inconsistent with this thermogenic the- 
ory. It is also possible that this cross-organ 
signaling mechanism is involved in the 
dynamic control of body weight, providing 
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The myocyte-adipocyte connection. The proposed irisin messenger system is depicted for humans [but 
characterized in mice (2)]. Exercise and energy expenditure induces the transcriptional regulator PGC-1a 
in the skeletal myocyte, which in turn drives the production of the membrane protein FNDC5. The circulat- 
ing factor irisin, cleaved from FNDC5, activates thermogenic programs in white adipose tissue (“browning”), 
including mitochondrial biogenesis and the expression of uncoupling protein 1 (UCP1), leading to mitochon- 


drial heat production and energy expenditure. 


an adaptive response that allows the organ- 
ism to rapidly switch to an endurance phe- 
notype by triggering weight loss. Indeed, 
Bostrom ef al. found that administration of 
irisin modestly reduced both weight gain 
and the development of insulin resistance in 
mice fed a high-fat diet. 

Does this pathway represent a broader 
metabolic regulatory network involving other 
organs that use energy? And are other messen- 
gers involved? Notably, FNDC5 is abundant 
in heart muscle. Interestingly, heart-derived 
natriuretic peptides activate white adipose 
thermogenic programs (/4). The results of 
Bostrom ef al. suggest the intriguing pos- 
sibility that organs involved in high energy- 
expending activity, such as skeletal and heart 
muscle, send signals to fuel storage depots. 

What is the role of irisin in humans? Iri- 
sin is highly conserved across species, and 
exercise increases circulating irisin concen- 
trations in humans (2). It may be that iri- 
sin links physical activity to energy meta- 
bolic homeostasis, including weight control. 
Delineating the function of this interorgan 
messenger system in humans will be neces- 
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sary to determine whether irisin and related 
factors are rational targets for therapeutic 
approaches aimed at disease states caused 
by chronic caloric excess, such as obesity 
and diabetes. 
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MATERIALS SCIENCE 


Watching Solution Growth of 
Nanoparticles in Graphene Cells 


Christian Colliex 


r | Nhe characterization of grown 
nanoscale objects can now be realized 
at an unprecedented level of spatial 

resolution with transmission electron micro- 

scopes (TEMs). Crystalline structures can 
typically be resolved to better than 0.1 nm 

(1), chemical identification can be achieved 

at the level of single atoms or single atomic 

columns (2), and optical properties can be 
mapped at the nanometer scale (3). However, 
these frozen snapshots at defined stages after 
the growth process do not reveal the real-time 
dynamics of crystal nucleation and growth. 


Encapsulated solution 


Growth inside the microscope. (A) A schematic is shown of a GLC developed 
by Yuk et al. that locally encapsulates the growth solution of Pt nanocrystals for 
structural studies in a TEM. (B) Micrographs of the coalescence process between 


To improve our understanding of the atom- 
istic processes involved during these chemi- 
cal reactions, sequences of high-resolution 
EM images of the specimen in the solution 
need to be recorded. On page 61 of this issue, 
Yuk et al. (4) report atomic-resolution images 
obtained with the Transmission Electron 
Aberration-Corrected Microscope I (TEAM 
I) (5) of colloidal platinum (Pt) nanocrys- 
tals growing inside liquid-containing cells 
bounded by graphene sheets that reveal unex- 
pected insights into the growth mechanism. 
In a recent review article, de Jonge and 
Ross (6) noted that electron microscopy of 
specimens in liquids has a long history [for 
example, see Ruska (7)]. Nonetheless, to 
solve the intrinsic difficulty of observing a 
liquid sample under the vacuum environment 
of the electron microscope column, uncon- 
ventional designs of specimen holders have 
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to be developed. The open environmental 
chamber generally used for monitoring gas 
and liquid reactions (in which gas or vapor 
is rapidly pumped away) is not compatible 
with situations requiring a thin and stable 
liquid layer. The recent and rapid progress in 
microfabrication technologies, and in micro- 
fluidics in particular, has allowed the real- 
ization of hermetically sealed cells. In most 
studies reported (8, 9), these “liquid cells” 
are generally made of 100-nm-thick silicon 
nitride (Si,N,) layers separated by a silicon 
oxide buffer of typically 0.5 to 1 um thick. 


The dynamics of the diffusion and growth of 
nanoparticles during chemical reactions or 
electrodeposition processes can be monitored 
by the incident TEM electron beam through 
the viewing windows. However, for several 
reasons—in particular, the limited transpar- 
ency of the cell and the possible interaction 
between the particles in suspension and the 
window surfaces—the spatial resolution for 
imaging or analysis (or both) has remained on 
the order of | nm. 

The “trick” responsible for the success of 
Yuk ef al. in achieving atomic resolution is 
their use of graphene layers as sealing win- 
dows for liquid cells. These subnanometer- 
thick suspended membranes offer very weak 
intrinsic contrast—they act like clear win- 
dows—because carbon has a low atomic 
number so that it only weakly scatters the 
electron beam. Graphene also exhibits high 
mechanical strength and impermeability, and 
its surface is chemically nonreactive. This 
approach scales up what has been done with 
single-walled carbon nanotubes, which have 


The growth and coalescence of platinum 
nanocrystals held in a pocket created by 
graphene sheets is followed at atomic 
resolution in an electron microscope. 


been used in the electron microscope to iso- 
late and preserve individual molecules (car- 
bon peapods and coronene) for ultrahigh res- 
olution imaging or analysis (J0, 11). Yuk et 
al. had previously reported the synthesis of 
stacked graphene layers (or other two-dimen- 
sional sheets) as sandwiches or veils to encap- 
sulate various guest nano-objects (/2). The 
use of such graphene liquid cells (GLCs) to 
trap minute volumes ofa solution in a pocket, 
typically from 6 to 100 nm thick, or a blister, 
is a natural extension of these methods (see 
the figure, panel A). The authors report a suc- 


two particles shown in (23) with a silicon liquid cell. (C) Micrograph of the coales- 
cence process between two Pt nanocrystals using the GLC in TEAM I, at a stage 
near that shown in (B). The neck distance n is ~1.2 nm. 


cess rate >90% for producing viable GLCs. 
This performance of GLCs can be com- 
pared with the same authors’ silicon-based 
microchip (/3); panels B and C of the figure 
display micrographs recorded by the same 
group on the growth of colloidal Pt nanocrys- 
tals at similar stages. In the earlier study, the 
coalescence of particles was inferred from 
changes in shape and in diffraction contrast 
based on the observation of polycrystal- 
line assemblies. With the use of GLCs, such 
changes are fully revealed with the atomic 
structure. Many measurements were per- 
formed that defined the crystallographic ori- 
entation changes during nanocrystal attach- 
ment. The variation in neck diameter as par- 
ticles coalesced was monitored, along with 
the total changes in diameter and length. 
Frame-by-frame inspection of the recorded 
sequences of micrographs (with ~30-ms time 
resolution) allowed the dance of nanocrys- 
tals along their diffusion trajectories and the 
rearrangement of the crystalline structure to 
be followed. This level of spatial resolution 
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(below 1 A) in TEAM I, which is equipped 
with spherical and chromatic aberration cor- 
rectors, was achieved with primary electrons 
of 80 keV, which are much less damaging to 
samples than the 300-keV electrons used in 
(13). The use of correctors that can tolerate 
objective lenses with larger gaps between 
the pole pieces also enhances the free space 
available for the specimen holders. 

With the new level of performance dem- 
onstrated in this work, Yuk ef al. have stud- 
ied in detail various (and unexpected) stages 
of the colloidal growth of Pt nanoparticles. 
Open questions remain, such as the role of the 
ligand molecules attached to the metallic spe- 
cies or how the first burst of electrons acts as 


the seed of the nucleation process. The prop- 
erties of nanoparticles are highly dependent 
on their size, shape, and environment, and 
such studies should provide insights that may 
allow the design of homogeneous assemblies 
of nanoparticles of defined sizes, morphol- 
ogy, and connectivity. Their approach opens 
new domains of research in the physics and 
chemistry in the fluid phase in general. How 
this new generation of liquid cells will be use- 
ful for biochemical and biological problems, 
where the use of microchip-based liquid cells 
has not been fully exploited, in spite of the 
spectacular advances recently shown for 
imaging of whole biological cells in liquids 
(/4) is to be further explored. 


PERSPECTIVES 
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ECOLOGY 


How Bacterial Lineages Emerge 


R. Thane Papke and J. Peter Gogarten 


ost people today recognize bacte- 
rial names like Escherichia coli 
and Neisseria meningitidis. Yet, 


from an evolutionary viewpoint, the clarity of 
species labels for bacteria is blurred by ram- 
pant horizontal gene transfer between bacte- 
ria (/). The forces driving speciation in bacte- 
ria include niche adaptation, selective sweeps, 
genetic drift, recombination of genetic mate- 
rial, and geographic isolation. How do those 
forces maintain species homogeneity or bring 
about lineages, when gene swapping is appar- 
ently so rife? 

On page 48 of this issue, Shapiro ef al. (2) 
address these questions by providing a high- 
resolution snapshot of early lineage diver- 
gence in marine bacteria. They find clues to 
the dynamics of prokaryotic genomes, such 
as with whom the organisms frequently 
exchange genes, how lineages originate, and, 
ultimately, what is (or is not) in a name. 

Most theoretical and observational 
insights into what species are and how they 
came to be are derived from studies of sex- 
ually reproducing eukaryotes (3), in which 
reproduction and recombination are neces- 
sarily connected. Asexual lineages in both 
prokaryotes and eukaryotes have often been 
described in terms of selection and genome- 
wide genetic linkage, which resets to zero the 
genetic diversity at every locus (4). However, 
even though Bacteria and Archaea reproduce 
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asexually, many prokaryotic populations 
evolve in ways that resemble randomly mat- 
ing, sexually reproducing eukaryotes: Alleles 
in these bacterial populations are randomly 
assorted among individual cells (strains), and 
diversity at single loci can be purged indepen- 
dently of the other chromosomal loci. 

The only mechanism that can explain 
these observations is a high rate of horizon- 


Astructured exchange community. Members of two distinct niches are 
shown as green and orange squares; gray squares are relatives occupy- 
ing different niches. Genes that adapt their hosts to these niches are 
mostly exchanged or recombined between members of the same niche 
(green and orange arrows), but they might also be shared with recent 
niche invaders (blue square), accelerating their adaptation to a new hab- 
itat. Other genes are freely exchanged between members of different 
niches (gray arrows). Shapiro et al. show that semi-stable adaptations 
to specific niches can emerge in the presence of high rates of gene flow 


within and between lineages. 
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Bacterial speciation is driven by interplay 
between natural selection, genetic linkage, 
and lateral gene transfer. 


tal gene flow compared to the rates of clonal 
expansion or reproduction. The main dif- 
ference from eukaryotes is that prokaryotic 
reproduction is independent of DNA acqui- 
sition and recombination. Instead, DNA is 
obtained from fragmented chromosomes 
obtained via parasexual means (that is, with- 
out reproduction). These mechanisms of 
DNA exchange are not restricted to gene 
exchange within species, 
and therefore traits can and 
do come from highly diver- 
gent organisms. For exam- 
ple, imagine that acacia trees 
could exchange DNA with 
lions and that the resulting 
new tree developed “limbs” 
that allowed them to attack 
grazing giraffes. This is ina 
sense what prokaryotes do 
all the time. Very different 
pathways for bacterial spe- 
ciation have been described 
(5, 6); often the data reveal 
frequent gene flow within 
multiple exchange groups. 
Horizontal gene flow is 
thus both a homogenizing 
and a diversifying force. It 
typically involves groups 
of organisms that preferen- 
tially exchange genetic mate- 
rial. Mathematical models 
of gene flow independent 
of selection and based on 
sequence similarity alone 
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show that even when rates of relative homol- 
ogous recombination to mutation are low [in 
the range of 0.25 to 4 (7)], populations remain 
recognizably coherent, indicating that selec- 
tion is not required to give the appearance of 
delineated species. However, such models 
do not capture the complexity of gene flow 
in natural populations. Genetic analysis of 
closely related strains has shown that genes 
rarely have the same phylogenetic history (8). 

Shapiro e¢ al. now examine the genomes 
of 20 closely related, yet ecologically dif- 
ferentiated strains of Vibrio cyclitrophicus 
adapted to living on various-sized particles in 
the Atlantic Ocean. They find that 99% of the 
core gene families (which are common to all 
strains) have different evolutionary histories. 
Thus, gene acquisition from other lineages, 
selection on those adaptive alleles, and fre- 
quent intraspecies recombination unlinking 
loci within K cyclitrophicus have created a 
thousand-organism chimera. A further indi- 
cation of vast and frequent gene flow in these 
asexual organisms comes from pairwise com- 
parisons of genomes. The authors report that 
in the time it took to accumulate a handful of 
nucleotide polymorphisms in the core genes, 
individuals gained reams of new DNA encod- 
ing proteins and enzymes that other cells in 
the population did not have. 

These astounding observations reiterate 
that prokaryotic genomes can be extreme 
mosaics caused by high rates of gene flow and 
strong selection. When 99% of genes from a 
population of very closely related strains do 
not have the same common ancestor, the only 
reasonable conclusion is that prokaryotic spe- 
ciation does not have much to do with diver- 
gence from common ancestors—a startling 
anti-Darwinian outcome. 

Surprisingly, in terms of evolutionary out- 
comes, prokaryotes tend to resemble Dar- 
win’s finches. Finches from different species 
coexisting on the same island become more 
similar to one another in their overall genome 
through frequent introgression (incorporation 
of genetic material via repeated backcrossing 
of an interspecific hybrid), but the characters 
defining their ecological niche appear to be 
maintained through selection. 

Genetic exchange groups appear to be the 
basis of many lineages observed in prokary- 
otes and are initiated or extinguished by shar- 
ing a common spatiotemporal existence with 
other exchange groups (9, 10). Exchange 
groups can degenerate through movement to 
a new habitat or geographic location, or by 
any mechanism that generates “sexual” isola- 
tion, including illegitimately recombined loci 
(//) and the molecular machinery that shut- 
tles DNA between cells. Perhaps a common 


mechanism for biasing gene exchange and 
generating “sexual” isolation is quorum sens- 
ing. Many prokaryotes, including pathogens, 
soil, and marine dwellers, use quorum sens- 
ing to regulate gene exchange (/2): They only 
exchange DNA when their numbers domi- 
nate in any particular place and time—for 
example, in a biofilm (/3). Quorum sensing 
is also used by Vibrio populations in biofilms 
to regulate gene exchange (/4). But gene flow 
regulation does not prohibit divergent DNA 
from entering or recombining, and exchange 
groups may be as numerous as potential 
niches and geographic locations allow. 

As Shapiro et al. show, the habitat-spe- 
cialized Vibrio strains of their study have a 
gene and niche bias for genetic exchange. 
Loci that are less important for niche adapta- 
tion participate in different and more diverse 
exchange groups (see the figure). It would 
seem that the genetic exchange group that 
has dominated a bacterial population most 
recently will determine how we observers 
interpret their evolutionary history of diver- 
gence—hopefully while realizing the possi- 
bility that newly acquired exchange partners 


purge evidence of past ones (9, /0). Instead 
of prokaryotic species having common 
ancestors, it seems that they are each more 
like emergent ports-of-call, defined by which 
genetic vessels are currently moored in their 
chromosomal harbors. 
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PALEONTOLOGY 


Reading Pliocene Bones 


Jackson Njau 


Standardized criteria will help to reliably distinguish marks made by hominid tools from feeding 


traces of other animals. 


he human ability to make complex 

| tools is unparalleled in the animal 
kingdom and is a key character of 
Homo sapiens. Flaked stone tools and cut- 
marked bones are the first traces of this 
behavior. Yet the interpretation of bone mod- 
ifications is complicated by similar traces 
left, for example, by carnivorous animals 
(see the figure). Given the scarcity of butch- 
ered bones from the Pliocene (5.3 to 2.6 mil- 
lion years ago) and Early Pleistocene (2.6 to 
0.76 million years ago), even a single mis- 
identification can have profound effects on 
the interpretation of early hominid behavior. 
How can such misidentification be avoided? 
The current consensus is that the world’s 
oldest tools and associated butchered bones 
come from Gona, Ethiopia, dated to 2.6 mil- 
lion years ago (/, 2). This early technology, 
termed Oldowan, has also been found else- 


Department of Geological Sciences, Indiana University, 
Bloomington, IN 47405, USA. E-mail: jknjau@indiana.edu 


where in Africa but did not extend beyond 
this continent until about 2 million years 
ago. Although there is one report of butch- 
ered bones 3.4 million years old from 
Dikika, Ethiopia (3), this evidence has been 
disputed (4), in part because tools older than 
2.6 million years have yet to be found any- 
where, despite intensive searching in older 
African sediments during the past 40 years. 
By the mid-19th century, scientists had 
begun to recognize cut marks, associated 
with worked flints, on the bones of extinct 
Pleistocene animals (5). These physi- 
cal traces were correctly attributed to past 
human butchery, but the importance of bone 
modification was not recognized until a cen- 
tury later, after a surge of hominid discover- 
ies in eastern Africa. Major excavations at 
sites such as Olduvai Gorge, where associ- 
ated stone artifacts and fossils were recov- 
ered, led archaeologists to speculate that by 
2 million years ago, hominids were hunting 
and butchering at home bases (6). Others 


6 APRIL 2012 VOL336 SCIENCE www.sciencemag.org 


Published by AAAS 


Downloaded from www.sciencemag.org on April 5, 2012 


CREDIT: PANELS A, B, AND G, REPRINTED WITH PERMISSION FROM (11); PANEL C, REPRINTED WITH PERMISSION FROM (9); PANEL D, H. GILBERT/CALIFORNIA STATE UNIVERSITY; PANELS E AND F, J. NJAU 


challenged this interpretation, sug- 
gesting that hominids were scav- 
engers (7). Bone surface modifica- 
tions became central to this debate, 
because they are the most definitive 
traces for determining whether car- 
nivores or hominids had primary 
access to carcasses at these sites. 

Microscopic criteria were 
developed to distinguish hominid- 
induced marks from mammalian 
carnivore tooth marks (8—//). Cut 
marks were described as elongate 
grooves with deep, V-shaped cross 
sections containing internal stria- 
tions, whereas hammerstone per- 
cussion marks consisted of pits and 
grooves, also with microstriations. 
In contrast, carnivore tooth marks 
were described as U-shaped in cross 
section and lacking microstriations 
(see the figure). These criteria led to a dia- 
lectic approach, in which surface marks on 
bones were attributed to either stone tools or 
mammalian carnivore teeth. However, con- 
tinued research has identified other agents 
of modification, such as trampling, that can 
superficially mimic cut marks (see the fig- 
ure) (12, 13). 

The continuing debate about Olduvai 
assemblages illustrates the problems with 
interpreting bone modifications. Some dam- 
ages on Olduvai fossils interpreted by stud- 
ies in the 1990s as mammalian carnivore 
bite marks (/4—-/6) were contested in 2006 
by Dominguez-Rodrigo and Barba, who 
attributed the same damages to biochemical 
modification (/7). However, Blumenschine 
et al. maintained the earlier interpretation 
(18) arguing that the experimental methods 
used in (/7) were inadequate. Without stan- 
dardized methods and criteria for the iden- 
tification of bone surface modifications, 
debates such as these cannot be resolved. 

During the past decade, tooth marks by 
animals other than large mammalian carni- 
vores (such as humans, chimpanzees, and 
crocodiles) have been identified (/9, 20). 
Among these, crocodiles regularly produce 
a range of bite marks most closely mimick- 
ing those made by both mammalian carni- 
vores and stone tools (20). A detailed under- 
standing of the ability of other processes 
to mimic butchery traces (see the figure) 
will reduce the risk of misidentification of 
marks. Also, diagnosis based solely on the 
micromorphology of isolated marks should 
be avoided. Rather, contextual information 
(21) is vital to the correct identification of 
past activities (12, 13, 22). This is particu- 
larly true because it is common to observe 
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traces made by multiple agencies in a fossil 
assemblage and even on a single specimen. 

Standardizing the contextual approach 
may reduce disagreements regarding the 
identification of surface marks and assem- 
blage interpretations. For example, the 
recent interpretation of bone modifications 
on 3.4-million-year-old fossil fragments 
from Dikika, Ethiopia (3), as stone tool 
butchery marks has been challenged (4) by 
critics questioning the location of stone per- 
cussion marks on unexpected anatomical 
parts, particularly in the absence of broadly 
contemporaneous lithic-bearing sites in 
Africa. Critics contend that Dikika speci- 
mens were modified by trampling rather 
than by stone tools (4). 

This disagreement illustrates the neces- 
sity for emphasizing the full array of con- 
textual criteria in bone modification studies. 
For example, the presence of stone artifacts, 
carnivore feeding traces, or hoof-induced 
bioturbation in the depositional context 
may indicate that any or all of these agents 
were responsible for bone modification. This 
approach helps to eliminate mimicking pro- 
cesses and serves to more fully test interpre- 
tations of hominid carnivory. 

The way forward in forging an accurate 
understanding of carnivory and tool use 
among our early ancestors will be through 
further experimentation, cross-disciplinary 
integration, and blind testing (22). Further- 
more, in addition to the established criteria 
of butchery traces (8—//), scientists need 
to move from individual mark analysis to 
a standardized integration of all available 
taphonomic, paleontological, and paleoen- 
vironmental data. Creation of a comprehen- 
sive comparative collection derived from 
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Interpreting bone modifications. Stone tools produce distinct traces on bones, such as the percussion grooves in 
(A), percussion pit in (B), and the cut mark in (C), all with microstriations. However, these traces can be confused with 
trample marks, which are characterized by shallow, fine striations of various widths (D). Care must also be taken to 
avoid erroneous attribution of crocodile bite marks, which contain microstriations (E and F), to hominid stone tools. 
Mammalian carnivore bite marks (G) can be distinguished from stone tool marks through their lack of densely packed 
microstriations. Scale bars: (A), (B), (C), and (G), 0.1 mm; (D) to (F), 2 mm. 


bone modification experiments, available 
for use both online and as samples, would 
help in standardizing observations across 
the various laboratories engaged in this kind 
of research. 
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Population Genomics of Early 
Events in the Ecological 
Differentiation of Bacteria 
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Genetic exchange is common among bacteria, but its effect on population diversity during 
ecological differentiation remains controversial. A fundamental question is whether 
advantageous mutations lead to selection of clonal genomes or, as in sexual eukaryotes, 
sweep through populations on their own. Here, we show that in two recently diverged 
populations of ocean bacteria, ecological differentiation has occurred akin to a sexual 
mechanism: A few genome regions have swept through subpopulations in a habitat-specific 
manner, accompanied by gradual separation of gene pools as evidenced by increased habitat 
specificity of the most recent recombinations. These findings reconcile previous, seemingly 
contradictory empirical observations of the genetic structure of bacterial populations and 
point to a more unified process of differentiation in bacteria and sexual eukaryotes than 


previously thought. 


ow adaptive mutations spread through 
He populations and trigger ecolog- 

ical differentiation has remained contro- 
versial. Although it is agreed that the key factor is 
the balance between recombination and positive 
selection, theory and observations are seemingly 
at odds. On one hand, evidence for genes spread- 
ing through populations independently via re- 
combination (“gene-specific sweeps”) is found in 
observations of environment-specific genes (/) 
and alleles (2), and reduced diversity at single 
loci amid high genomewide polymorphism (3, 4). 
On the other hand, mathematical modeling sug- 
gests that empirically observed rates of homolo- 
gous recombination should not be high enough 
to unlink a gene, which is under even moderate 
selection, from the rest of the genome (5, 6). This 
recombination/selection balance, expressed most 
saliently by the ecotype theory, leads to a pre- 
diction that is actually observed but that is at odds 
with gene-specific sweeps [1.e., bacterial diversity 
is organized into ecologically differentiated clus- 
ters (7—9)]. The proposed mechanism involves 
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cycles of neutral diversification punctuated by 
genomewide selective sweeps (6). Although the 
observations of environment-specific genes and 
locus-specific reduced diversity conflict with the 
ecotype model of selected clonal genomes, they 
do not explain why its prediction of coincident 
genetic and ecological clusters hold true, nor pro- 
vide insights into the early genomic events ac- 
companying adaptation. How to reconcile these 
seemingly contradictory empirical observations 
remains an open question. 

Here, we test whether recombination is strong 
enough relative to selection to allow gene-specific 
rather than genomewide selective sweeps in nat- 
ural microbial populations and explore the effect 
on population-level diversity. Using whole-genome 
sequences from two recently diverged Vibrio pop- 
ulations with clearly delineated habitat associa- 
tions, we show that genome regions rather than 
whole genomes sweep through populations, trig- 
gering gradual, genomewide differentiation. Our 
proposed evolutionary scenario is based on three 
lines of evidence: (i) Most of the genetic diver- 
gence between ecological populations is restricted 
to a few genomic loci with low diversity within 
one or both of the populations, suggesting recent 
sweeps of confined regions of the genome. (ii) 
We show that only one of the two chromosomes 
constituting the genome has swept through part 
of one population. (iii) The most recent recombi- 
nation events tend to be population specific but 
older events are not, reinforcing the notion that 
these populations are on independent evolution- 
ary trajectories, which may ultimately lead to the 
formation of genotypic clusters with different 
ecology. Although such clusters have been inter- 
preted as evidence for the ecotype model, our 
results suggest that they can arise even in pop- 


ulations that do not experience genomewide 
selective sweeps. 

In a previous study, we noticed an instance of 
very recent ecological differentiation among two 
populations of Vibrio cyclitrophicus by their di- 
vergence in fast-evolving protein-coding genes 
and differential occurrence in the large (L) and 
small (S) size fractions of filtered seawater, sug- 
gesting association with different zoo- and phy- 
toplankton or suspended organic particle types 
(8). This population structure was reproduced 
across independent samples taken in 2006 and 
2009. We sequenced whole genomes from both 
populations (13 L and 7 S isolates, all obtained in 
2006). As in other Vibrionaceae, these genomes 
consist of two chromosomes, each with a flexible 
and core component, defined as blocks of DNA 
not universally present in all isolates or shared by 
all, respectively. To estimate the extent and pat- 
terns of recombination among the isolates, we 
subdivided the core genome into blocks of DNA 
on the basis of their supporting different phylo- 
genetic relationships among the 20 isolates (/0). 
Overall, the ecological populations described here 
are among the most closely related (identical 16S 
and >99% average amino acid identity) studied 
with genomewide sequence data, making them 
an ideal test case for observing the early events 
involved in ecological differentiation. 

Genes, not genomes, sweep populations. Our 
first line of evidence favoring gene-specific rath- 
er than genomewide selective sweeps is that most 
of the differentiation between populations is re- 
stricted to a few small patches of the core genome. 
Ecological differentiation is supported by 725 
“ecoSNPs” (single-nucleotide polymorphisms)}— 
defined as dimorphic nucleotide positions with 
one variant present in all S strains and a different 
variant in all L strains—that cluster in a few dis- 
crete patches of the genome (11 in total, three of 
which contain >80% of ecoSNPs). By contrast, 
the rest of the genome is dominated by 28,744 
SNPs, supporting phylogenetic intermingling of 
S and L strains (e.g., nucleotide C in 3 S and 6 L 
strains, G in 4 S and 7 L strains), therefore re- 
jecting the ecological partition (Fig. 1 and figs. 
S1 and 82). Any signal of clonal ancestry has been 
obscured by homologous recombination, which 
affects equally genes of all functions, and is there- 
fore likely not driven by selection [fig. S3 (70)], 
such that no single bifurcating tree relating the 
20 strains adequately describes the evolution of 
more than 1% of the core genome (Fig. 1C). Such 
a pattern could have been produced either by an 
ancient genomewide selective sweep in one or 
both populations, followed by recombination be- 
tween populations eroding the “clonal frame” 
down to a few regions, or by recent gene-specific 
selective sweeps centered on these few regions. 
The latter explanation is favored because most 
major ecoSNP clusters (three out of the four peaks 
in Fig. 1B) have significantly lower within- 
habitat diversity (in one or both habitats) than the 
chromosome-wide average. The exception is the 
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highly diverse RTX/RpoS locus, which may be 
under diversifying selection both within and be- 
tween habitats. The low within-habitat diversity 
in the other three regions, which account for the 
majority of ecoSNPs, suggests that they arrived 
recently by recombination [likely from a distantly 
related population (/0)] and swept through a pop- 
ulation before accumulating much polymorphism. 

Our second line of evidence shows that ge- 
nomic fragments can sweep through populations 
in an ecology-specific manner without purging 
genomewide variation. In particular, a large frac- 
tion of chromosome II has swept through a sub- 
set of the S population, without affecting the 
diversity of chromosome I. As evidence for this, 
each chromosome has a distinct core phylogeny, 
with five of the seven S strains grouping together 
on chromosome II, but not chromosome I (Fig. 1). 
This “5-S” clade (grouping together strains 1F97, 
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1) small-particle isolate (S) 
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1F111, 1F273, FF274, and FF160; blue branch in 
Fig. 1A and blue points in Fig. 1B) is supported 
by 796 SNPs: 790 on chromosome II and six on 
chromosome I—a >200-fold imbalance after nor- 
malizing by the 1.45 times as many SNPs per site 
on chromosome II. Chromosome II also strongly 
supports one phylogeny within the 5-S strains; 
SNPs inconsistent with this phylogeny are re- 
stricted almost entirely to chromosome I (figs. S4 
and $5). The degree of support for the 5-S group 
on chromosome II suggests that a variant of 
this chromosome swept through these five S 
strains, independently of chromosome I. The 
sweep likely occurred recently, before the clear 
phylogenetic signal within the 5-S strains was 
disrupted by recombination. This signature of a 
long stretch of DNA (in this case, a chromosome) 
largely uninterrupted by recombination is a hall- 
mark of recent positive selection in sexual eu- 
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karyotes (//), suggesting a selective sweep of 
chromosome II independently of the rest of 
the genome (chromosome I). The mobilization 
of genomic fragments on the size scale of chro- 
mosomes may also explain the hybrid genomes 
observed in novel pathogenic variants of Vibrio 
vulnificus (12). 

Emergent habitat-specific recombination. 
Our third line of evidence shows how, despite the 
lack of genomewide selective sweeps, tight geno- 
typic clusters may eventually emerge as a result 
of preferential recombination within, rather than 
between, habitats. This is evident from quantifi- 
cation of recent recombination in the core ge- 
nome, using three very recently diverged pairs of 
“sister strains’ —1F175-1F53, 1F111-1F273, and 
ZF30-ZF207—that group together at nearly all 
SNPs in the genome (Fig. 1A). The grouping of 
such young sister pairs should only be broken by 
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Fig. 1. Phylogeny follows ecology at just a few habitat-specific loci. (A) 
Maximum-likelihood (ML) V. cyclitrophicus phylogenies rooted by V. splendidus 
12B01, based on core genome nucleotide sequence for chromosome | (left) 
and II (right). Scale is substitutions per site; all nodes have 100% bootstrap 
support unless indicated. (B) Genome regions with uninterrupted support for 
(black bars) or against (gray bars; note different scale) the ecological split of 
strains into distinct habitats (S/L). Bar height indicates the number of in- 
formative SNPs in each region. ECO-sup regions 1 to 11 are described in table 
S2; ML trees for four major regions are shown, rooted with 12B01; poly,/polys 
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indicates regions with significantly higher (up arrows) or lower (down arrows) 
nucleotide diversity and density of segregating polymorphic sites within the 
L (red) or S (green) habitat, relative to the chromosome-wide average. Tracks 
below x axis are as follows. “ECO”: locations of ECO-supporting (black points) 
and -rejecting (gray) SNPs. “5-S": SNPs supporting (blue points) or rejecting 
(gray) the 5-S branch. “Breaks”: number of inferred recombination breakpoints 
per kb. (C) Tree topologies accounting for most genome length. Top four ranked 
unrooted topologies are shown for chromosome |, top 2 for chromosome II, and 
the percentage of the core genome accounted for (20). 
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A CORE GENOME 
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Fig. 2. Recent recombination is more common within than between 
habitats. (A) Genomewide ML phylogeny based on 3.54 Mb of aligned core 
genome, with sister strains highlighted in red or green. All nodes have 79 to 
100 bootstrap support. Bar graphs show events (number of core genome 
blocks) that split up sisters by recombination between (gray bars) or within 


the most recent recombination events identifiable 
in our sample, involving one of the sister strains 
as a donor or acceptor. We quantified such events 
by counting core genome blocks inconsistent with 
phylogenetic pairing of sister strains (70). Out of 
93 such blocks (Fig. 2A), 76 resulted from one 
sister strain pairing with another strain from the 
same habitat. This is significantly more within- 
habitat recombination than expected under a mod- 
el with random recombination across habitats 
[P <1 10° (10)]. The excess within-habitat 
recombination was detectable in both S (P = 
0.03) and L (P< 1x 10°) populations considered 
separately and is robust to variation in our as- 
sumptions about the relative S:L population sizes 
(/0). By contrast, the pairing of more anciently 
diverged S strains, FF160 to FF274, is more often 
broken up by recombination with L (222 blocks) 
than with S strains (8 blocks) (P < 1x 10°), per- 
haps owing to the higher abundance of L strains 
in the past (e.g., if the ancestral, undifferentiated 
population was L-associated). This finding sug- 
gests that the trend toward the habitat-specific 
gene flow that we identified has emerged rela- 
tively recently. 

The preference for within-habitat recombina- 
tion is also apparent in the flexible genome. This 
component of the genome changes so rapidly that 
even the two most closely related genomes in our 
study (1F175 and 1F53), differing by only 66 
substitutions in 3.54 Mb of core genome, each 
contain about 4500 base pairs of unique DNA 
(fig. S6). The flexible genome tree also has a 
topology that differs from that of the core (Fig. 2), 
suggesting that the flexible genome is shaped 
largely by horizontal transfer (integrase-mediated 
and illegitimate recombination), with limited 
clonal descent. The separate grouping of S and 
L strains (Fig. 2B; 99.8% bootstrap support), 
when clustered by the proportion of shared flex- 
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ible DNA (Fig. 2B), indicates that preferen- 
tial recombination occurs within habitats. 
Compared with a model of random recombina- 
tion among habitats, there is significantly more 
habitat-specific sharing of flexible blocks than 
expected by chance [P < 5.5 x 10 °° (/0)] (table 
S1). All seven S strains—not just the 5-S strains 
hypothesized to have undergone a selective 
sweep on chromosome II—share a relatively 
high fraction of their flexible DNA on this 
chromosome (fig. S7). Therefore, flexible ge- 
nome turnover is sufficiently rapid that flexible 
DNA does not hitchhike with selective sweeps 
for very long. Rather, high turnover, with a clear 
bias toward within-habitat sharing of DNA, 
maintains distinct but dynamic and _habitat- 
specific gene pools. 

Functions of ecologically differentiated genes. 
The revelation that there is a suite of habitat- 
specific genes and alleles has shed light on the 
selective pressures associated with specialization 
to different microhabitats in the ocean [tables S1 
and S2 (/0)]. The RTX locus and syp operon ex- 
hibit both allelic variation (core) and gene content 
variation (flexible). Several syp genes, present in 
all L but absent from S genomes, and their up- 
stream regulator sypG, present in different allelic 
variants between habitats, are involved in biofilm 
formation and host colonization (/3). RTX pro- 
teins are important virulence factors in pathogens 
(74) and may play a role in interactions with dif- 
ferent hosts. The stress-response sigma factor RpoS 
encoded in the core genome near the RTX locus, 
has been shown to mediate a trade-off between 
stress tolerance and nutritional specialization in 
environmental Escherichia coli isolates (15). 
Finally, genes responsible for the biosynthesis of 
mannose-sensitive hemagglutinin (MSHA), many 
of which are unique to L flexible genomes, 
promote adherence to chitin (/6) and zoo- 
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habitats (S, green; L, red). (B) Relative amount of shared flexible genomic 
blocks between strains. The neighbor-joining (NJ) tree (left) is a consensus 
across 1000 bootstrap resamplings of the flexible blocks. Only nodes with 
support >500 are shown. Scale bar: Bray-Curtis distance used to construct 


plankton exoskeletons (/7). Together, this evi- 
dence suggests that ecological specialization, 
possibly through differential host association, 
can be achieved by fine-tuning genes in a few 
key functional pathways. 

A model for ecological differentiation in 
bacteria. Our observations can be generalized 
with a model predicting independent evolution- 
ary trajectories for nascent populations triggered 
by gene-specific sweeps (Fig. 3). The mosaic ge- 
nomes that we observed, with different genome 
blocks supporting different phylogenies, suggest 
a frequently recombining, ecologically uniform 
ancestral population (Fig. 3B, early time points). 
The recent acquisition of habitat-specific flexible 
genes and core alleles likely initiated specializa- 
tion to different hosts or habitats, leading to de- 
creased gene flow between populations. The 
populations that we studied are in a very early 
stage of ecological specialization, with little ge- 
netic divergence between them. However, if the 
trend toward greater within-population recombi- 
nation can be extrapolated into the future [as 
might indeed be expected given that recombina- 
tion drops log-linearly with sequence divergence 
(J8—22)], they will eventually form distinct ge- 
netic clusters, potentially indistinguishable from 
those predicted by (and often taken as evidence 
for) the ecotype model (Fig. 3A). Genetic isola- 
tion by preferential recombination has been sug- 
gested previously (23), and this trend might be 
enhanced if homologous recombination between 
populations is reduced in the vicinity of acquired 
habitat-specific genes (24). Thus, a mechanism 
of gene-centered sweeps may eventually lead to a 
pattern characteristic of genomewide sweeps. 
In this way, our study of the very early stages of 
ecological specialization has provided a simple 
resolution to seemingly conflicting empirical 
observations. 
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Fig. 3. Ecological differentiation in recombining microbial populations. (A) Example genealogy of 
neutral marker genes sampled from the population(s) at different times. (B) Underlying model of 
ecological differentiation. Thin gray or black arrows represent recombination within or between eco- 
logically associated populations. Thick colored arrows represent acquisition of adaptive alleles for red or 


green habitats. 


Outlook. Our findings of ecological differ- 
entiation driven by gene-specific rather than ge- 
nomewide selective sweeps, followed by gradual 
emergence of barriers to gene flow, leave open 
three major questions for future investigation: 
What mechanisms (aside from unrealistically high 
recombination rates) are responsible for prevent- 
ing genomewide selective sweeps (e.g., negative 
frequency-dependent selection by viruses and pro- 
tozoa), how often and by what mechanism are 
entire chromosomes mobilized, and what are the 
barriers to gene flow between sympatric ecolog- 
ical populations (e.g., reduced encounter rates or 
some form of assortative mating)? No matter how 
marked the decline in gene flow between eco- 
logical populations, they will always remain 
open to uptake of DNA from other populations, 


thus remaining fundamentally different from bio- 
logical species of sexual eukaryotes (2). Yet no- 
tably, the process of ecological differentiation 
that we have inferred for these ocean bacteria is 
similar to that in models of sympatric speciation 
by habitat-specific allelic sweeps in sexual 
eukaryotes (25, 26). Despite differences in 
how adaptive alleles are acquired, our results 
suggest that how they spread within popula- 
tions may follow a more uniform process in 
both prokaryotes and eukaryotes than previous- 
ly imagined. 


References and Notes 

1. M. L. Coleman, S. W. Chisholm, Proc. Natl. Acad. Sci. U.S.A. 
107, 18634 (2010). 

2. R. T. Papke et al., Proc. Natl. Acad. Sci. U.S.A. 104, 14092 
(2007). 


RESEARCH ARTICLE 


3. D. S. Guttman, D. E. Dykhuizen, Genetics 138, 993 
(1994). 
4. V. J. Denef et al., Proc. Natl. Acad. Sci. U.S.A. 107, 
2383 (2010). 
5. B. J. Shapiro, L. A. David, J. Friedman, E. J. Alm, Trends 
Microbiol. 17, 196 (2009). 
6. F. M. Cohan, E. B. Perry, Curr. Biol. 17, R373 
(2007). 
7. A. Koeppel et al., Proc. Natl. Acad. Sci. U.S.A. 105, 
2504 (2008). 
8. D. E. Hunt et al., Science 320, 1081 (2008). 
9. S. P. Preheim, S. Timberlake, M. F. Polz, Appl. Environ. 
Microbiol. 77, 7195 (2011). 
10. Materials and methods are available as supplementary 
materials on Science Online. 
11. P. C. Sabeti et al., Science 312, 1614 (2006). 
12. N. Bisharat et al., Emerg. Infect. Dis. 11, 30 (2005). 
13. K. L. Visick, Mol. Microbiol. 74, 782 (2009). 
14. K. J. F. Satchell, Annu. Rev. Microbiol. 65, 71 
(2011). 
15. T. King, A. Ishihama, A. Kori, T. Ferenci, J. Bacteriol. 186, 
5614 (2004). 
16. K. L. Meibom et al., Proc. Natl. Acad. Sci. U.S.A. 101, 
2524 (2004). 
17. D. A. Chiavelli, J. W. Marsh, R. K. Taylor, Appl. Environ. 
Microbiol. 67, 3220 (2001). 
18. J. Majewski, FEMS Microbiol. Lett. 199, 161 
(2001). 
19. D. Falush et al., Philos. Trans. R. Soc. Lond. B Biol. Sci. 
361, 2045 (2006). 
20. C. Fraser, W. P. Hanage, B. G. Spratt, Science 315, 
476 (2007). 
21. J. M. Eppley, G. W. Tyson, W. M. Getz, J. F. Banfield, 
Genetics 177, 407 (2007). 
22. V. J. Denef, R. S. Mueller, J. F. Banfield, /SME J. 4, 
599 (2010). 
23. D. E. Dykhuizen, L. Green, J. Bacteriol. 173, 7257 
(1991). 
24. J. G. Lawrence, Theor. Popul. Biol. 61, 449 (2002). 
25. T. Turner, M. Hahn, S. Nuzhdin, PLoS Biol. 3, e285 
(2005). 
26. D. E. Neafsey et al., Science 330, 514 (2010). 


Acknowledgments: We thank E. DeLong, S. W. Chisholm, 
J. Wakeley, P. Sabeti, W. Hanage, D. Neafsey, and M. Coleman 
for valuable suggestions and comments, and X. Didelot 
and P. Marttinen for help with software. Funding for 

this work was provided by NSF grant DEB-0918333 

(to E.J.A. and M.F.P.), the NSF-supported Woods Hole 
Center for Oceans and Human Health (COOH), and 
grants from the Gordon and Betty Moore Foundation 

and the Department of Energy Genomes to Life program 
(M.F.P.). Funding for genome sequencing was provided 

by the Moore Foundation and the Broad Institute's 

SPARC program. Computational resources were provided 
by NSF grant 0821391. Support was provided by a 
Canada Graduate Scholarship from the Natural Sciences 
and Engineering Research Council of Canada and a 
postdoctoral fellowship from the Harvard MIDAS Center 
for Communicable Disease Dynamics (B.J.S.); a Merck-MIT 
fellowship (J.F.); the Netherlands Organisation for Scientific 
Research (O.X.C.); and the Rosztoczy Foundation (G.S.). 
Whole genomes sequences have been deposited at the 
DNA Data Bank of Japan, European Molecular Biology 
Laboratory, and GenBank under accessions AHTIO0000000, 
AICZ00000000, and AIDAO00000000-AIDS00000000 

(table $6). 


Supplementary Materials 
www.sciencemag.org/cgi/content/full/336/607 7/48/DC1 
Materials and Methods 

Figs. $1 to $14 

Tables S1 to 56 

References (27-59) 


20 December 2011; accepted 2 March 2012 
10.1126/science.1218198 


www.sciencemag.org SCIENCE VOL 336 6 APRIL 2012 


51 


Downloaded from www.sciencemag.org on April 5, 2012 


52 


The Coexistence of Superconductivity 
and Topological Order in 
the Bi,Se; Thin Films 


Mei-Xiao Wang,?* Canhua Liu,** Jin-Peng Xu, Fang Yang,” Lin Miao,’ Meng-Yu Yao,” 
C. L. Gao,? Chenyi Shen,” Xucun Ma,? X. Chen,* Zhu-An Xu,” Ying Liu,> Shou-Cheng Zhang,” 
Dong Qian," Jin-Feng Jia,"t Qi-Kun Xue* 


Three-dimensional topological insulators (Ts) are characterized by their nontrivial surface states, 

in which electrons have their spin locked at a right angle to their momentum under the protection of 
time-reversal symmetry. The topologically ordered phase in Tls does not break any symmetry. The 
interplay between topological order and symmetry breaking, such as that observed in superconductivity, 
can lead to new quantum phenomena and devices. We fabricated a superconducting Tl/superconductor 
heterostructure by growing dibismuth triselenide (BizSe3) thin films on superconductor niobium 
diselenide substrate. Using scanning tunneling microscopy and angle-resolved photoemission 
spectroscopy, we observed the superconducting gap at the Bi,Se3 surface in the regime of Bi,Se; film 
thickness where topological surface states form. This observation lays the groundwork for experimentally 


realizing Majorana fermions in condensed matter physics. 


experimental discovery of topological in- 

sulators (TIs), such as HgTe quantum well 
and Bi-based materials (Bi,.,.Sb,, Bi,Se3, and 
BiyTe3) (/—//), the search for exotic quantum 
phenomena that were predicted to exist in TIs 
was under way (/—23). Unlike other ordered 
phases, TIs are characterized by a topological 
order that does not exhibit any symmetry break- 
ing. The interplay between the topological order 
and symmetry breaking that appears in the or- 


S hortly after the theoretical prediction and 


Fig. 1. Morphology of 
Bi,Se; thin films grown on 
NbSe, substrate. (A) STM 
image of NbSez (0001) sur- 
face with atomic resolution 
and CDW modulation. Bias 
voltage V; = 45 mV. (B) 
Large-scale STM image of 
2-OL Bi,Se; film, V; = 200 mv. 
Large-area 2 QL and small 
parts of 1 QL and 3 QL fol- 
low layer-by-layer growth 
mode. (C) Defined line pro- 
file along the line in (B) 
showing the height of each 
Bi2Se3 QL. All the step edges 
are sharp, indicating high- 
quality growth. (D) The Bi(110) 
layers are very smooth with 
large lateral size. The in- 
set shows the atomic res- 
olution of Bi films and moiré 
patterns, V; = 200 mV. (E) 
Atomic-scale STM image of 
the BizSe; film, with a struc- 
ture similar to that of bulk 
crystals. (F) Schematics show- 
ing the layer-by-layer growth 
mode of BizSe3 thin films. 
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dered phases of superconductors (SCs) and 
magnets may lead to many proposals of novel 
quantum phenomena such as the anomalous 
quantum Hall effect (23), time-reversal invariant 
topological superconductors (5), Majorana fer- 
mions (/6, 77) and fault-tolerant quantum com- 
putation (24). However, experimentally it is very 
difficult to introduce these symmetry-breaking 
states into the TI’s surface. One proposal is to use 
the superconducting proximity effect (16, 17), 
either between a superconducting TI’s bulk and 


q B 


surface states or between an s-wave superconduc- 
tor and a TI’s surface state. Bulk superconducting 
states were recently observed in Cu-intercalated 
BipSe3 (Cu,BipSe3) and BiyTe3 under high pres- 
sure (/3—15). Cu,Bi2Se; retains the Dirac surface 
state, but its superconducting volume fraction is 
low (13, 14). It has also been shown that a super- 
current can flow through Bi,Se3 flakes or Bi,Se3 
nanoribbons bordered by two superconducting 
electrodes (25, 26). Another way to realize the 
superconducting proximity effect between a TI 
and a SC is to grow TI/SC heterostructures, with 
an atomically sharp yet electronically transparent 
interface. This is a challenging task because of 
interface reaction and lattice mismatch between 
Tl epilayers and available SC substrates. We have 
prepared atomically flat single-crystal Bi.Se3 
thin films on 2H-NbSe2(0001), an s-wave super- 
conductor substrate, by molecular beam epitaxy 
(MBE). Using in situ scanning tunneling microscopy/ 
spectroscopy (STM/STS) and angle-resolved photo- 
emission spectroscopy (ARPES), we show that 
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a superconducting gap is present at Bi2Se3 sur- 
face in the thickness regime where topological 
surface states form. 

Figure 1A shows an atomically resolved STM 
topographic image of the cleaved NbSe2(0001) 
surface, where an electronic modulation result- 
ing from the presence of charge density waves 
(CDWs) is clearly observed. To grow atomically 
flat BizSe3 thin films, a Bi(110) bilayer (Fig. 1D 
and fig. S1) was first deposited on the NbSe 
substrate. The Bi,Se; thin films were then grown 
on the Bi(110) bilayer (27). Figure 1B shows a 
large-scale STM image of the atomically flat 
Bi,Se3 film with a nominal thickness of 2 quin- 
tuple layers (QL). The majority of the surface is 
covered by 2-QL films, but there are small areas 
with a thickness of 1 QL and 3 QL. The line 
profile (Fig. 1C) shows the thickness of different 
layers. Figure 1E reveals the hexagonal atomic 
lattice of top Se atoms with a spacing of 0.41 nm, 
implying that a well-defined (111) surface of 
BiySe; is formed. The growth of BiySe; films on 


A,o 3 QL B 


ad 
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di/dv (0.1 nA/V) 
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Bi(110)-terminated NbSe, substrate proceeds in 
a typical layer-by-layer mode (Fig. 1F and fig. $2). 

Local density of states (LDOS) can be ob- 
tained with STS by measuring differential con- 
ductance (di/dV) spectra. On BiySe3 films, we 
observed superconducting gap-like spectra: a 
pronounced dip in the DOS at the Fermi level 
and peaks on both sides. Figure 2, A and B, shows 
the spectra measured on the Bi,Se3 films at a 
thickness of 3 QL and 6 QL, respectively. To 
exclude the possibility that the depression in the 
DOS at the Fermi level is a result of a zero-bias 
anomaly, we compare the STS data at 400 mK 
(lower panels of Fig. 2, A and B) to the data at 
4.2 K (upper panels of Fig. 2, A and B) and find 
that sharp coherence peaks near +1 meV are ob- 
served in both films. The results suggest that the 
BiySe; films become superconducting due to the 
proximity effect of the NbSe2 substrate. The su- 
perconducting transition is further supported by 
STS experiments under magnetic field, applied to 
the sample in the surface-normal direction. Fig- 
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Fig. 2. Superconducting energy gap observed in Bi2Se3 films. (A) di/dV spectra measured on 3-QL BizSe3 
films at 4.2 K (upper panel) and 0.4 K (lower panel). (B) di/dV spectra measured on 6-QL BizSe; films at 
4.2 K (upper panel) and 0.4 K (lower panel). (C) Evolution of the di/dV spectra on 3-QL Bi2Se; films in 
magnetic fields measured at 4.2 K. The magnetic field increases the number of quasiparticle states in the 


energy gap and smears the superconducting peaks. 


Fig. 3. Thickness dependence 
of the superconducting en- 
ergy gap. (A) Dependence of 
the di/dV spectra on the 
thickness of BizSe3 thin film. 
The spectra are spatial aver- 
ages over a large area of ter- 
race. (B) BCS-like tunneling 
spectra fitting and simple 
proximity effect fitting. BCS 
works well for pure NbSez, 
whereas neither works very 
well on Bi,Se; films. (C) Thick- 
ness dependence of the en- 
ergy gap obtained from fitting. 
The dashed line is a guide to 4 -2 0 
the eye. 
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ure 2C shows a series of d//dV spectra that were 
obtained after averaging over a large area of film 
in different applied fields. The shape of the spec- 
tra changes as the magnetic field increases: The 
zero-bias conductance increases with the mag- 
netic field, and the coherence peaks on both sides 
of the gap diminish, consistent with the formation 
of superconducting states in BinSe3 films. The 
energy gap closes at about 7 K (fig. S3). We find 
that the Bi(110) bilayer has very little effect on 
the electronic states of NbSe2 (fig. S4). Because 
the intercalated Bi(110) bilayer is very thin (0.6 nm) 
compared with its large electron coherence length 
hv,/2A, = 616 nm (28), quasiparticles can easily 
tunnel through it, forming Cooper pairs in the 
side of BipSe; films. 

The 3-QL film has a nearly zero differential 
conductance with a flat terrace at 400 mK. There 
are no low-lying quasiparticles within about 
0.5 meV energy of the Fermi level at 400 mK, 
which implies a fully gapped state. On the other 
hand, the STS spectra of the 6-QL film show 
smaller coherence peaks and finite (although small) 
zero-bias differential conductance. This observa- 
tion is also consistent with the scenario of the SC 
proximity effect; the Cooper pair potential decreases 
with the increasing normal metal thickness. The 
evolution of the superconductivity is shown in 
Fig. 3A, from which one can see that the energy 
gap at the Fermi level changes dramatically as the 
film thickness increases. We use both the Bardeen- 
Cooper-Schrieffer (BCS)like tunneling spectrum 
function and the simple proximity effect function 
[equation 5.3 in (29)] to fit the spectra. The upper 
panel of Fig. 3B displays the STS spectrum of 
pure NbSe; at 4.2 K that fits the BCS-type func- 
tion very well. A superconducting gap of 1.1 + 
0.1 meV is obtained. For a 3-QL film (Fig. 3B, 
lower panel), neither of the fits are very good, 
although they roughly give similar gap size. The 
exact description of the STS curves may require 
further theoretical inputs. Nevertheless, we plot 
the fitting results in Fig. 3C. The decrease of the 
energy gap is qualitatively in agreement with the 
theoretical description for the proximity effect. 

We now show that the topologically ordered 
surface states persist despite the formation of the 
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Fig. 4. Energy-band A 
dispersion from ARPES 
measurements of the 
Bi2Se3 thin films. QW- 
like states are observed 
on all thin films. (A) In 
the 3-QL film, an ener- 
gy gap resulting from 
the coupling between 
the lower and upper 
surfaces was observed. 
Rashba-type spin-orbital 
splitting of QW was ob- 
served (white arrow). The 
spectra were taken using 
He-I 21.2 eV photon. (B) 
At 6 QL DP at the bind- 
ing energy of ~0.45 eV 
recovers. Surface states 
(SS) form a Dirac cone. 
The spectra were taken 
using 36 eV photon. (C) 
9 QL. (D) 12 QL. 
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superconducting gap in the Bi)Se3 films. Bulk 
topological insulator Bi,Se3 has a spin nonde- 
generate Dirac cone around the F point. For a slab 
of BinSe3, however, the boundary states from two 
opposite surfaces may be coupled by quantum 
tunneling so that a gap opens up and the mass- 
less Dirac point disappears subsequently. The 
crossover thickness where a Dirac cone forms de- 
pends on the interface of TI films and substrates. 
For example, in the case of Bi2Se3/SiC films (/0) 
with a very sharp interface, the crossover thick- 
ness is 6 QL. In our work, the Dirac point is also 
clearly observed on 6-QL films, implying that 
our interface is very sharp, which is consistent 
with our STM results (Fig. 1). Figure 4 shows 
the experimental energy band dispersions of the 
BiSe3 thin films at different thicknesses mea- 
sured with ARPES. There is an energy gap at the 
binding energy of 0.6 eV on the ARPES spectra 
when the film thickness is 3 QL. Compared with 
the electronic states of an intrinsic BizSe3 crystal, 
the Fermi level of the 3-QL sample is shifted up- 
ward as a result of possible charge transfer from 
the Bi(110) bilayer and substrate. Quantum-well— 
like states (labeled as QW in Fig. 4) were also 
observed in our system. The charge transfer gen- 
erates a large gradient of electric field that en- 
hances the Rashba-type spin-orbit coupling. The 
energy band splitting resulting from spin-orbital 
coupling is observed at a binding energy of ~0.15 
eV (Fig. 4A). When the film thickness is increased 
to 6 QL, the gap disappears and the Dirac point 
(labeled as DP in Fig. 4) emerges at ~0.45 eV 
below Fermi level, indicating decoupling of the 
interface and surface (Fig. 4B). The quantum- 
well-like bands within the Dirac cone do not show 
spin-orbital splitting, which indicates that the 
electric field becomes weak on the surface of 
6-QL films. Dirac points are also observed in the 
films with a thickness of 9 QL and 12 QL. 


3QL 
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Our observation of the coexistence of the su- 
perconducting gap and topological surface states 
in the surface (interface) of Bi,Se3 thin films 
makes this TI/SC heterostructure very useful for 
understanding the unusual properties of super- 
conductivity with topological order. One imme- 
diate possible outcome will be the detection of 
Majorana fermions (MFs). Non-Abelian MFs may 
emerge as the zero-energy core states in a vortex 
(16-22) on the BipSe3 surface (interface). Early 
theoretical proposals for detecting MFs require a 
superconducting overlay, which, however, pre- 
vents experimental probing of vortices on the 
topological surface. In our geometry, topological 
surface states on the superconductor substrate 
have a great advantage in that the Majorana- 
bound states can be directly probed in the surface 
vortex core. There are two independent surface 
states in the film when the film thickness is 
greater than 6 QL. One is the lower surface or 
TI/SC interface; another is the upper surface or 
TI/vacuum interface. On both surfaces, non-Abelian 
MFs may emerge as vortex core states. Although 
the Fermi level is not in the bulk band gap, our 
SC Bi,Se; films (>6 QL) are analogous to the 
weakly doped superconducting three-dimensional 
TIs as proposed in (/2, 22). The bulk continuum 
states acquire a proximity-induced gap, and this 
leaves open the possibility of observing spatially 
separated Majorana zero modes on the top sur- 
face (22). It is also possible that in our system, the 
top gate can be applied on the surface to tune the 
Fermi level to the bulk band gap and, hence, 
single Majorana zero mode can exist in the 
Bi,Se3/NbSe; interface. In thin TI films (<6 QL), 
the Majorana zero modes from the upper and 
lower surfaces could couple with each other and 
open up a finite energy gap. In this case, one 
could introduce magnetic elements into the thin 
TI film so that a quantum anomalous Hall state is 


-0.1 0 0.1 -0.1 
Momentum k (A*') 
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obtained. The proximity effect between the NbSe2 
superconductor and the thin magnetic TI film 
may give rise to a (p + ip)-wave pairing state and 
a single Majorana zero mode (30). 
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A 2D Quantum Walk Simulation of 
Two-Particle Dynamics 


Andreas Schreiber,”’?* Aurél Gabris,?* Peter P. Rohde,”> Kaisa Laiho,”’? Martin Stefanak,? 
Vaclav Potoéek,? Craig Hamilton,? Igor Jex,? Christine Silberhorn? 


Multidimensional quantum walks can exhibit highly nontrivial topological structure, providing a 
powerful tool for simulating quantum information and transport systems. We present a flexible 
implementation of a two-dimensional (2D) optical quantum walk on a lattice, demonstrating a 
scalable quantum walk on a nontrivial graph structure. We realized a coherent quantum walk 
over 12 steps and 169 positions by using an optical fiber network. With our broad spectrum of 
quantum coins, we were able to simulate the creation of entanglement in bipartite systems with 
conditioned interactions. Introducing dynamic control allowed for the investigation of effects 
such as strong nonlinearities or two-particle scattering. Our results illustrate the potential of 
quantum walks as a route for simulating and understanding complex quantum systems. 


uantum simulation constitutes a para- 

digm for developing our understanding 

of quantum mechanical systems. A cur- 

rent challenge is to find schemes that 
can be readily implemented in the laboratory to 
provide insights into complex quantum phenome- 
na. Quantum walks (/, 2) serve as an ideal test 
bed for studying the dynamics of such systems. 
Examples include understanding the role of en- 
tanglement and interactions between quantum par- 
ticles, the occurrence of localization effects (3), 
topological phases (4), energy transport in photo- 
synthesis (5, 6), and the mimicking of the for- 
mation of molecule states (7). Although theoretical 
investigations already take advantage of complex 
graph structures in higher dimensions, experi- 
mental implementations are still limited by the 
required physical resources. 

All demonstrated quantum walks have so 
far been restricted to evolution in one dimension. 
They have been realized in a variety of archi- 
tectures, including photonic (8—-//) and atomic 
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(12-14) systems. Achieving increased dimen- 
sionality in a quantum walk (/5) is of practical 
interest because many physical phenomena 
cannot be simulated with a single walker in a one- 
dimensional (1D) quantum walk, such as multi- 
particle entanglement and nonlinear interactions. 
Furthermore, in quantum computation based on 
quantum walks (6, 17), search algorithms ex- 
hibit a speed-up only in higher dimensional 
graphs (/8—20). The first optical approaches to 
increasing the complexity of a linear quantum 
walk (2/, 22) showed that the dimensionality of 
the system is effectively expanded by using two 
walkers, keeping the graph one-dimensional. 
Although adding additional walkers to the sys- 
tem is promising, introducing conditioned inter- 
actions and, in particular, controlled nonlinear 
interactions at the single-photon level is tech- 
nologically very challenging. Interactions be- 
tween walkers typically result in the appearance 
of entanglement and have been shown to im- 
prove certain applications, such as the graph iso- 
morphism problem (23). In the absence of such 
interactions, the two walkers remain effectively 
independent, which severely limits observable 
quantum features. 

We present a highly scalable implementation 
of an optical quantum walk on two spatial di- 
mensions for quantum simulation, using frugal 
physical resources. One major advance of a 2D 
system is the possibility to simulate a discrete evo- 
lution of two particles, including controlled inter- 
actions. In particular, one walker, in our case a 
coherent light pulse, on a 2D lattice is topolog- 


ically equivalent to two walkers acting on a 1D 
graph. Thus, despite using an entirely classical light 
source, our experiment is able to demonstrate sev- 
eral archetypal two-particle quantum features. For 
our simulations, we exploited the similarity be- 
tween coherent processes in quantum mechanics 
and classical optics (24, 25), as it was used, for 
example, to demonstrate Grover’s quantum search 
algorithm (26). 

A quantum walk consists of a walker, such as 
a photon or an atom, which coherently propa- 
gates between discrete vertices on a graph. A 
walker is defined as a bipartite system consisting 
of a position (x) and a quantum coin (c). The po- 
sition value indicates at which vertex in the graph 
the walker resides, whereas the coin is an an- 
cillary quantum state determining the direction of 
the walker at the next step. In a 2D quantum 
walk, the basis states of a walker are of the form 
Ix], Xo, C1, Cy) describing its position x, in 
spatial dimensions one and two and the corre- 
sponding two-sided coin parameters with c)>=+1. 
The evolution takes place in discrete steps, each 
of which has two stages, defined by coin (C) and 
step (S) operators. The coin operator coherently 
manipulates the coin parameter, leaving the po- 
sition unchanged, whereas the step operator up- 
dates the position according to the new coin 
value. Explicitly, with a so-called Hadamard (H) 
coin Cy; = A, ® Ay, asingle step in the evolution 
is defined by the operators, 


Hi\x;,+1) > (|xj,1) + |x;,-1)) /V2,V; = 1,2 


S|x1,%2,¢1,€2) > [x1 + €1,X2 +. 02,¢1,€2) (1) 


The evolution of the system proceeds by repeat- 
edly applying coin and step operators on the ini- 
tial state |y;,), resulting in fy,,) =(SC)")yjn) after 
n steps. The step operator § hereby translates 
superpositions and entanglement between the 
coin parameters directly to the spatial domain, 
imprinting signatures of quantum effects in the 
final probability distribution. 

We performed 2D quantum walks with pho- 
tons obtained from attenuated laser pulses. The 
two internal coin states are represented by two 
polarization modes (horizontal and vertical) in 
two different spatial modes (27), similar to the 
proposal in (28). Incident photons follow, de- 
pending on their polarization, four different paths 
in a fiber network (Fig. 1A). The four paths cor- 
respond to the four different directions a walker 
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can take in one step on a 2D lattice. Different path 
lengths in the circuit generate a temporally en- 
coded state, where different position states are 
represented by discrete time bins (Fig. 1B). Each 
round trip in the setup implements a single-step 
operation, whereas the quantum coin operation is 
performed with linear optical elements (half-wave 
plates, HWP) (27). In order to adjust the coin op- 
erator independently at each position, we used a 
fast-switching electrooptic modulator (EOM). A 
measurement with time-resolving single-photon 
counting modules allowed for the reconstruction 
of the output photostatistics (27). 

We have implemented two different kinds 
of quantum coins in our 2D quantum walks. First, 
we investigated quantum walks driven only by 
separable coin operations, C= C, ® C). Here, the 
separability can directly be observed in the spa- 
tial spread over the lattice, when initializing the 
walker in a separable state. As an example, we 
measured a Hadamard walk with photons initial- 
ly localized at position |x, x2) = |0, 0). The prob- 
ability distribution showing at which position the 
photons were detected after 10 steps (Fig. 2, A 


and B) can be factorized into two independent 
distributions of 1D quantum walks (/5), stating 
no conceptual advantage of a 2D quantum walk. 
However, 2D quantum walks allow for much great- 
er complexity using controlled operations. These 
operations condition the transformation of one 
coin state on the actual state of the other. Because 
of the induced quantum correlations, one obtains 
a nontrivial evolution resulting in an inseparable 
final state. The probability (P) distribution for a 
Hadamard walk with an additional controlling 
operation can be seen in Fig. 2, C and D. We 
compare the ideal theoretical distribution with 
the measured photostatistics via the similarity, 


Ss =| yy v/Pala.%2) Peo .22)| “sabes 


X15 X2 


the equality of two classical probability distribu- 
tions (S = 0 for completely orthogonal distribu- 
tions and S= 1 for identical distributions). For the 
Hadamard walk (Fig. 2, A and B), we observe 
S = 0.957 + 0.003, and for the quantum walk 
with controlling gates (Fig. 2, C and D) S= 0.903 + 
0.018 (after 10 steps, across 121 positions). 


Increasing the number of walkers in a quan- 
tum walk effectively increases its dimensionality 
(21). Specifically, for a given 1D quantum walk 
with N positions and two walkers, there exists 
an isomorphic square lattice walk of size N? 
with one walker. By this topological analogy, a 
measured spatial distribution from a 2D lattice 
with positions (x;, x2) can be interpreted as a 
coincidence measurement for two walkers at 
positions x, and x2 propagating on the same lin- 
ear graph. Hereby each combined coin operation 
of both particles, including controlled opera- 
tions, has an equivalent coin operation in a 2D 
quantum walk. This allows us to interpret the 
2D walk in Fig. 2, C and D, as a quantum walk 
with controlled two-particle operations, a sys- 
tem typically creating two-particle entanglement. 
The inseparability of the final probability dis- 
tribution is then a direct signature of the simu- 
lated entanglement. 

In Fig. 2E, we show a lower bound for the 
simulated entanglement between the two parti- 
cles during the stepwise evolution with four dif- 
ferent coin operations. We quantified the simulated 


Fig. 1. (A) Experimental setup. Our photon source is a pulsed diode laser 
with a pulse width of 88 ps, a wavelength of 805 nm, and a repetition rate of 
110 kHz. The photons are initialized at position |x;, x2) = 10, 0) in horizontal 
polarization (corresponding to coin state Ic,, c2) = |-1, -1)). Once coupled 
into the setup through a low-reflectivity beam splitter (BS, reflectivity 3%), 
their polarization state is manipulated with an EOM and a HWP. The photonic 
wave packets are split by a polarizing beam splitter (PBS) and routed through 
single-mode fibers (SMF) of length 135 or 145 m, implementing a tem- 
poral step in the x2 direction. Additional HWPs and a second PBS perform a 
step in the x, direction based on the same principle. The split wave packet 


after the first step with equal splitting is indicated in the picture. At each 
step, the photons have a probability of 12% in loops x, — 1 (or 4% in loops 
Xz + 1) of being coupled out to a polarization and hence coin state resolving 
detection of the arrival time via four avalanche photodiodes (APDs). In- 
cluding losses and detection efficiency, the probability of a photon con- 
tinuing the walk after one step is 52% without the EOM and 12% with the 
EOM. (B) Projection of the spatial lattice onto a 1D temporally encoded pulse 
chain for step one and two. Each step consists of a shift in both x, direction, 
corresponding to a time difference of At, = 3.11 ns, and x2 direction with 
Atz = 46.42 ns. 
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entanglement via the von Neumann entropy, £, 
assuming pure final states after the quantum walk 
(27). For this calculation, the relative phases be- 
tween the positions and coins were reconstructed 
from the obtained interference patterns, whereas 
phases between the four coin states were chosen 
to minimize the entanglement value. Without 
conditioned operations, the two particles evolve in- 
dependently (E = 0), whereas an evolution in- 
cluding controlled operations reveals a probability 
distribution characterized by bipartite entangle- 
ment. We found that the interactions presented 


Probability P(x,, x,) 4 


in Fig. 2, C and D, exhibit an entropy of at least 
E=2.63 + 0.01 after 12 steps, which is 56% of 
the maximal entropy (given by a maximally en- 
tangled state). The nonzero entropies obtained 
in the higher steps of the separable Hadamard 
walk are attributed to the high sensitivity of the 
entropy measure to small errors in the distribution 
for E = 0. 

The investigated interactions can be interpreted 
as long-distance interactions with the interaction 
strength being independent of the spatial distance 
of the particles. This is a unique effect and highly 


0.20 B 
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Fig. 2. Measured and simulated probability dis- 
tribution P(x,,x2) (traced over the coin space) after 
10 steps of a 2D quantum walk with initial state 
10, 0, -1, -—1). Theoretical (A) and measured (B) 
probability distribution of a 2D Hadamard walk 
using the operation C,, (Eq. 1). Because only sep- 
arable coin operations were performed (inset), the 
distribution is separable, given by a product of two 
1D distributions (gray). Theoretical (C) and mea- 
sured (D) probability distribution of a 2D walk 
with controlled-not X and controlled-phase opera- 
tion Z, resulting in an unfactorizable distribution. 
Here, cz is only transformed by XZ|+1) > +|¥1) if 
C, =—1. The results in (B) and (D) are obtained by 
detecting over 7 x 10° events and calibrated by 


the detection efficiencies of all four coin basis states. (E) Dynamic evolution of 
the von Neumann entropy £ generated by quantum walks (B) and (D) and 
quantum walks using controlled Hadamard coin operations (inset). The exper- 
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nontrivial to demonstrate in actual two-particle 
quantum systems. 

Contrary to the position-independent interac- 
tions is the evolution of two-particle quantum walks 
with short-range interactions, that is, interactions 
occurring only when both particles occupy the 
same position. These interactions can be interpreted 
as two-particle scattering or nonlinear interactions. 
When using a 2D quantum walk to simulate two 
walkers, all vertices on the diagonal of the 2D 
lattice correspond to both walkers occupying the 
same position. Hence, we can introduce nonlinear 


Probability P(x,, x,) 4 0.20 
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imental values (dots) and theoretical predictions (dashed lines) mark a lower 
boundary for simulated two-particle entanglement. Statistical errors are 
smaller than the dot size. 
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Fig. 3. (A) Circuit representation of 
coin operations simulating nonlinear 
interactions via 2D quantum walk. On- 
ly when the two virtual particles meet 
(x, = X2) is a controlled operation 
applied. Theoretical (B) and measured 
(C) coincidence distributions P(x,, x2) 
(traced over the coin space) after seven 
steps of a simulated two-particle quan- 
tum walk with initial state 10, 0, —-1, 
—1). The high probability that both 
particles are at the same position (di- 
agonal) is a notable signature of bound 
states. The measured distribution is re- 
constructed by detecting over 8 x 10? 
events and has a similarity of S = 
0.957 + 0.013. Adding the EOM to 
the setup for dynamical control limits 
the step number to n = 7 because of 
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the higher losses per step. Small imperfections of the EOM are included in the theoretical plot. 


interactions by modifying the coin operator on the 
diagonal positions while keeping all other posi- 
tions unaffected. As an example of a two-particle 
quantum walk with nonlinear interactions (Fig. 3), 
the coin operator on the diagonal is in the form 
Cu = (A, ® H2)Cz, where Cz is a controlled phase 
operation implemented by a fast switching EOM. 
The chosen operation simulates a quantum sce- 
nario of particular interest: the creation of bound 
molecule states, predicted as a consequence of 
two-particle scattering (7). Evidently, the quantum 
walk is to a large extent confined to the main 


diagonal [}' P(x,x) = 0.317 + 0.006 as opposed 


to the Hadamard walk): P(x,x) = 0.242 + 0.001], 


a signature of the presence of a bound molecule 
state. In general, using a coin invariant under 
particle exchange, bosonic, or fermionic behay- 
ior can be simulated, depending on whether 
the initial states are chosen to be symmetric or 
antisymmetric with respect to particle permu- 
tations. With our initial state being invariant 
under particle exchange, we simulated an ef- 
fective Bose-Hubbard type nonlinearity for two 
bosons (29). 

We have demonstrated an efficient implemen- 
tation of a 2D quantum walk and proved the 
experimental feasibility to simulate a diversity of 
interesting multiparticle quantum effects. Our 
experiment overcomes the technical challenges 
of two-particle experiments while exhibiting very 
high similarity and scalability. Combined with 
the flexibility in the choice of input state, con- 
trolling the coin at each position independently 
allows for simulations of a broad spectrum of dy- 
namic quantum systems under different physical 
conditions. 

Our experimental architecture can be general- 
ized to more than two dimensions, with the 
addition of extra loops and orbital angular mo- 
mentum modes as coin states (30). This opens a 
largely unexplored field of research, facilitating 
quantum simulation applications with multiple 


walkers, including bosonic and fermionic behav- 
ior, and nonlinear interactions. It may be possible 
to study the effects of higher dimensional local- 
ization or graph percolations or to use the network 
topology in conjunction with single- or two- 
photon states. Additionally, a foreseeable future 
application for our system is the implementation 
of a quantum search algorithm. We demonstrated 
that, with a physical resource overhead, a clas- 
sical experiment can simulate many genuine quan- 
tum features. Although our experiment is important 
for simulation applications, it is equally interest- 
ing for understanding fundamental physics at 
the border between classical and quantum co- 
herence theory. 
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Mechanical Writing of 
Ferroelectric Polarization 


H. Lu, C.-W. Bark,” D. Esque de los Ojos,? J. Alcala,* C. B. Eom,” G. Catalan,>** A. Gruverman** 


Ferroelectric materials are characterized by a permanent electric dipole that can be reversed through 
the application of an external voltage, but a strong intrinsic coupling between polarization and 
deformation also causes all ferroelectrics to be piezoelectric, leading to applications in sensors and 
high-displacement actuators. A less explored property is flexoelectricity, the coupling between 
polarization and a strain gradient. We demonstrate that the stress gradient generated by the tip of an 
atomic force microscope can mechanically switch the polarization in the nanoscale volume of a 
ferroelectric film. Pure mechanical force can therefore be used as a dynamic tool for polarization control 
and may enable applications in which memory bits are written mechanically and read electrically. 


polarization of a material with its defor- 

mation, which gives rise to useful electro- 
mechanical phenomena including piezoelectric, 
electrostrictive, and flexoelectric effects. Cou- 
pling between polarization and homogeneous 
in-plane strain can also be used to tune the sym- 
metry and properties of ferroelectric thin films via 
strain engineering using different substrates (/, 2). 
For a ferroelectric, however, the spontaneous strain 
(unit-cell deformation) is identical whether the 
polarization is pointing up or down, so one does 
not immediately think of mechanical deformation 
as a viable mechanism to invert the polarization 
in a ferroelectric memory. 

Stress can nevertheless be used to influence 
polarization. A large local deformation can be 
realized by pressing the sharp tip of an atomic 
force microscope (AFM) against the surface of 
a film, thereby causing a large stress concentra- 
tion near the tip-sample contact. Previous studies 
showed suppression of the piezoelectric response 
under a sufficiently high loading force (3, 4), with 
almost complete recovery after stress release. Al- 
so, polarization vector rotation, caused by simul- 
taneous application of an external electrical bias 
and tip-induced stress, has been observed in poly- 
crystalline thin films (4, 5), although in these 
studies the random orientation of the polarization 
in the crystals allowed for partial ferroelastic ro- 
tation rather than pure 180° inversion of polar- 
ization. The stress from adjacent grains also meant 
that the original polar configuration was recov- 
ered upon release of the tip pressure, so no per- 
manent writing was achieved. 


Poenenten strongly couple changes in 
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Recent reports by Lee et al. (6) show that the 
flexoelectric effect caused by strain gradients can 
create a strong imprint in uniaxial, perfectly ori- 
ented ferroelectric thin films, and flexoelectricity 
due to substrate bending was also invoked in the 
imprint of polarization in polycrystalline ferro- 
electric films (7). This suggests that strain gra- 
dients, rather than homogeneous strain, can be 
exploited for switching polarization and “writing” 
the domain bits into ferroelectric memories. This 
process is allowed by symmetry because a strain 
gradient, unlike a homogeneous strain, is an odd- 
parity tensor without inversion symmetry—strain 
gradients have directionality and polarity (8, 9). 
Although flexoelectricity is generally weaker than 
piezoelectricity, gradients grow in inverse propor- 
tion to the relaxation length, so very large flexo- 
electric effects can be achieved at the nanoscale 
(10-12). 


A 
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We have explored whether flexoelectricity can 
actively switch ferroelectric polarization by me- 
chanically pushing AFM tips onto the surface of 
epitaxial single-crystalline BaTiO; films, thereby 
inducing large and localized stresses. The films 
were fabricated by atomic layer controlled growth 
on atomically smooth (001) SrTiO3 substrates 
with Lap 67Sro.33MnO3 conductive buffers that 
served as bottom electrodes (/3, 14). Compres- 
sive stress induced by the substrate ensured that 
polarization was aligned in the direction perpen- 
dicular to the surface, and only 180° inversion of 
polarization would be allowed. BaTiO; films 
with a thickness of 12 unit cells, or ~4.8 nm, have 
been chosen so as to ensure epitaxial clamping 
and prevent mismatch strain relaxation (/5). 

Initial testing of the films by means of piezo- 
response force microscopy (PFM) show that as- 
grown BaTiO; films are in a single-domain state 
with out-of-plane polarization, indicating effec- 
tive screening of the depolarizing field by surface 
adsorbates (/6). Bipolar domain patterns can be 
generated conventionally with an electrically biased 
PFM tip: the film surface is scanned with a tip 
under +4-V bias exceeding the coercive voltage. 
The 2-by-2—1m? PFM images of this electrically 
written domain structure are shown in Fig. 1, A 
and B. A typical value of the contact force during 
conventional PFM imaging is ~30 nN. A stable 
and uniform PFM amplitude signal across the 
domain boundary illustrates effective electric 
switchability of the film and strong polarization 
retention. Local PFM spectroscopic measurements 
(Fig. 1C) exhibit bipolar piezoelectric hysteresis 
loops. 
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Fig. 1. Mechanically induced reversal of ferroelectric polarization. (A and B) PFM phase (A) and 
amplitude (B) images of the bidomain pattern electrically written in the BaTiO; film. (C) Single-point PFM 
hysteresis loops of the BaTiO3 film. (D and E) PFM phase (D) and amplitude (E) images of the same area 
after the 1-by-1—m? area in the center (denoted by a dashed-line frame) has been scanned with the tip 
under an incrementally increasing loading force. The loading force was increasing in the bottom-up 
direction [denoted by a black arrow in (E)] from 150 to 1500 nN. (F) PFM amplitude as a function of the 
loading force obtained by cross-section analysis along the white vertical line in (E). 
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The mechanical switching has been investi- 
gated by scanning a 1-by-1—-um*” area of the bi- 
polar domain pattern with the electrically grounded 
tip under an incrementally increasing loading force 
from 150 to 1500 nN, with a corresponding change 
in the applied stress from 0.5 to 5 GPa (approx- 
imating the tip-surface contact area as a disk of 
10 nm in radius). Note that, although the max- 
imum local stress is very large, it is still well 
below the threshold (~20 GPa) for irreversible 
plastic damage of the BaTiO; surface (/7). Af- 
ter that, a larger area of 2 by 2 um’ is imaged by 
conventional PFM with a low load of 30 nN 
(Fig. 1, D and E). 

The tip-induced stress reverses the PFM phase 
contrast in the left half of the image in Fig. 1D, 
from dark to bright, indicating inversion of the 
polarization from up to down. Figure 1E shows 
a nonmonotonous change in the corresponding 
PFM amplitude image of the flexoelectrically 
switched domain: Initially, the amplitude decreases 
as load increases and then, at an applied force of 
~750 oN, it increases again (Fig. 1F). This type of 
behavior is analogous to the polarization-reversal 
process in conventional (voltage-induced) PFM 
(fig. S1) (78) in which the electromechanical am- 
plitude signal passes through a minimum during 
switching, as in Fig. 1C. This is caused by the 
formation of 180° domains (antiparallel polariza- 
tion) so that the net polarization and associated 
piezoelectric signal go through zero when the vol- 
ume fractions of domains with opposite polar- 
ization become equal. Beyond that, the PFM 
amplitude grows again while the PFM phase is 
changed by 180°, indicating that the polarization 
has been inverted. For reference, the PFM images 
of conventionally (that is, electrically) switched 
domains in the same BaTiO; film are shown in 
the supplementary materials (fig. S1) (8). The 
polarization patterns generated by an electrical 
bias (fig. S1) (78) and by mechanical load (Fig. 1) 
are identical. 

To rationalize the obtained results, we per- 
formed finite-element calculations of the strain 
induced by the AFM tip when pressed against the 
BaTiO; film surface (the structure is sketched in 
Fig. 2A). The calculations are for a tip force of 
1000 nN over a tip-sample contact area of 10-nm 
radius, and the calculated strain distributions for 
all the strain components are mapped (fig. S2) 
(78). Using the calculated strain gradients, the 
flexoelectric field is obtained by multiplying the 
strain gradient times the flexoelectric tensor and 
dividing by the dielectric constant (9, 19). To be 
conservative in our calculations, we use the the- 
oretical values for the flexoelectric tensor coef- 
ficients (20), which are a thousand times smaller 
than the experimental ones (2/, 22). The integral 
of the flexoelectric field is the flexoelectric po- 
tential, which we have calculated and is mapped 
in Fig. 2B [details of the calculations are pro- 
vided in (/8)]. 

The flexoelectric field was also incorporated 
into free-energy calculations of the BaTiO; thin 
film epitaxially clamped on the SrTiO; substrate 


(Fig. 2C). Under a homogeneous compressive 
uniaxial stress (23), the height of the barrier sep- 
arating the two energy minima is decreased, but 
the double well remains symmetric, and thus no 
specific polarity is favored, as expected from sym- 
metry. Flexoelectricity, on the other hand, gen- 
erates a polar bias consistent with the experimental 
observation of mechanical switching. When in- 
corporated to the free energy, the flexoelectric bias 
destabilizes the positive side (upward-pointing 
polarization) of the double well and forces the 
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Fig. 2. (A) Sketch of the strain gradient and 
associated flexoelectric field (arrows) induced 
by the AFM tip pushing on the surface of the 
BaTiO3/Lap,¢7S'o.33MnO3 heterostructure. (B) Var- 
jation of the flexoelectric voltage in the film 
region under the tip, assuming a compressive 
uniaxial stress of 3.2 GPa, equivalent to 1 uN of 
force over a circular area of 10 nm in radius. 
The field is perpendicular to the voltage gra- 
dient and reaches a strength of ~2 MV/cm near 
the surface. (C) Free-energy calculations for the 
epitaxially clamped BaTiO; film without any tip 
pressure (blue curve), with homogeneous com- 
pressive stress of 3.2 GPa (red curve), and with 


free energy, J/m* 


switch to the downward-pointing polarization 
state, as observed. This is supported by PFM hys- 
teresis loops measured during application of me- 
chanical stress: As the tip pressure is increased, 
the positive coercive bias decreases, whereas 
the negative coercive bias remains intact (fig. 
83) (78). 

For the loading force of 1000 nN, the cal- 
culated flexoelectric field reaches a maximum of 
2 MV/cm, comparable with the intrinsic coercive 
field (theoretical) and that extracted from the piezo- 


* no stress 
= homogeneous stress 
¢ strain gradient 
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the calculated flexoelectricity from the tip-induced strain gradient (green curve). Flexoelectricity skews the 
double well, forcing polarization switching toward the stable downward state. 


Fig. 3. Fabrication of nano- A 
scale domain patterns by me- 
chanical means. (A) Domain 
lines mechanically written in 
the BaTiO; film by scanning 
the film with a tip under a 
loading force of 1500 nN. 
(B) The same domain struc- 
ture modified by electrical 
erasure of the mechanically 
written domains. Erasure has 
been performed by scanning 
the central segment with the 
tip under a dc —3-V bias. (C) 
Topographic image of the same 
area acquired after mechan- 
ical writing showing that the 
film surface was not affected 
by the writing process. (D) 
An array of flexoelectrically 
written dot domains illustrat- 
ing the possibility of using 
mechanical writing for high- 
density data-storage application. 
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electric hysteresis loops (experimental). Note that 
such a large flexoelectric field has been obtained 
in spite of our conservative choice of flexoelec- 
tric coefficients, supporting the feasibility of the 
flexoelectric switching mechanism. We stress that 
the Landau formalism provides an upper limit for 
the ideal (intrinsic) switching barrier; in practice, 
there will be defects that act as nucleation sites 
facilitating the switching at lower coercive fields. 
In real devices, therefore, the effective coercive 
field may be considerably lower than calculated 
here, meaning that the flexoelectric field will be 
capable of inducing switching at lower loads or 
larger thicknesses than assumed here. 

There are several useful features of mechan- 
ical switching: (i) It generates stable domain 
patterns exhibiting no relaxation for days after 
switching, (ii) mechanically written domain pat- 
terns are electrically erasable, (ii1) no damage to 
the sample surface caused by a high loading force 
was observed, and (iv) the mechanically written 
domains are nanoscopic. These features are il- 
lustrated in Fig. 3. Mechanically written parallel 
linear domains, shown in Fig. 3A, have been sub- 
sequently transformed into the pattern in Fig. 3B 
by electrically erasing central domain segments 
with a tip under a de —3-V bias. The topographic 
image of the same area of the BaTiO; film (Fig. 
3C), acquired after this procedure, does not ex- 
hibit any traces of surface deformation. Finally, 
Fig. 3D shows an array of dot domains only 30 nm 
in size, written by abruptly alternating the tip load 
between 30 and 1500 nN during scanning. 

These results open up a way to write ferro- 
electric memory bits using mechanical force in- 
stead of electrical bias in data-storage devices. By 
converting mechanical stress into readable in- 
formation, such devices would operate as a nano- 
scopic analog of typewriters that could be scaled 
up using a millipede-like scheme (24). The tip- 
sample contact area is typically less than 10-nm 


in radius, so switching can be highly localized, 
allowing fabrication of high-density domain 
patterns. Because no voltage is applied during 
mechanical switching, leakage and/or dielectric 
breakdown problems are minimized [in fact, 
even insulating tips can be used to mechanically 
write the domains, as shown in fig. S4 (/8)]. 
Because electrodes are not required, the prob- 
lems caused by their finite screening length (25) 
are also removed. 

Conversely, if top electrodes were used, me- 
chanical writing would enable the targeted poling 
of localized areas under the electrodes—which is 
impossible using voltage, as the electric field is 
homogeneous in a parallel-plate capacitor. This 
suggests the possibility of controlled fabrication 
of domain walls underneath top electrodes, useful 
for electronic device applications employing phys- 
ical properties of domain walls (26) that could 
be read in a nondestructive manner by PFM 
imaging (27) or by measuring the electroresis- 
tive effect (28). 
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High-Resolution EM of Colloidal 
Nanocrystal Growth Using 
Graphene Liquid Cells 
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We introduce a new type of liquid cell for in situ transmission electron microscopy (TEM) based on 
entrapment of a liquid film between layers of graphene. The graphene liquid cell facilitates 
atomic-level resolution imaging while sustaining the most realistic liquid conditions achievable 
under electron-beam radiation. We employ this cell to explore the mechanism of colloidal platinum 
nanocrystal growth. Direct atomic-resolution imaging allows us to visualize critical steps in the process, 
including site-selective coalescence, structural reshaping after coalescence, and surface faceting. 


wide range of physical, chemical, and 
biological phenomena that take place 
in liquids on the nanometer scale would 
benefit from observations with atomic resolution 


transmission electron microscopy (TEM). EM 
techniques such as conventional TEM (CTEM), 
scanning TEM (STEM), and four-dimensional 
(4D) EM have enabled direct observation of solid- 


phase phenomena with atomic resolution (/—4). 
Applying these effective imaging tools to the study 
of liquid-phase phenomena is hampered by dif- 
ficulties in maintaining realistic conditions for the 
liquid specimen (5). For example, TEM requires 
high vacuum conditions, which are generally in- 
compatible with liquid samples. One way to over- 
come this constraint is to employ environmental 
cells that contain a sealed reservoir with a view- 
ing window fabricated from Si3N, or SiO, (6-8). 
Although such liquid cells have enabled studies 
of nanoscale phenomena, the relatively thick (tens 
to one hundred nanometers) and relatively high 
atomic number (Z) element windows have poor 
electron transmittance, resulting in reduced sen- 
sitivity and a resolution limit of a few nanometers. 
Unfortunately, true atomic-resolution imaging can- 
not be achieved, and furthermore, the thick cell 
windows also appear to perturb the natural state of 
the liquid or species suspended in the liquid. 

An example of the benefits that could arise 
from atomic-resolution imaging in nonperturbative 
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liquid cells presents itself in the growth of col- 
loidal inorganic nanocrystals, such as Pt. The first 
movies of colloidal nanocrystal growth (7), 
restricted to lower resolution, revealed unexpected 
phenomena, namely that the colloidal Pt particles 
grow by frequent particle coalescence events and, 
most surprisingly, that the particle growth ap- 
parently pauses after a coalescence event. The 
reason for this apparent pause was attributed to 
possible structural rearrangements within the co- 
alescing nanocrystals, but this conjecture could 
not be proven. 

Recently developed protocols for the high- 
yield fabrication of subnanometer-thick suspended 
membranes such as graphene, graphene oxide, 
and boron nitride (9—-//) have provided the ulti- 
mate transparent sample supports for EM (/2—/5). 
Graphene that has a thickness of one carbon atom 
(Z= 6) is the thinnest of these membranes. When 
used as a support for TEM specimens, graphene 
provides a high contrast for any type of material 
including isolated light atoms and organic mol- 
ecules (/, 16, 17). Moreover, it is straightforward 
to employ graphene membranes for encapsulat- 
ing gas, liquid, or solid materials for ambient- and 
vacuum-condition experiments due to their high 
flexibility, mechanical tensile strength, and imper- 
meability to small molecules (/8, 19). In addi- 
tion, graphene is also an excellent electrical and 
thermal conductor and displays minimal charg- 
ing and heating effects under the electron beam 
(/7). An inherently inert surface eliminates chem- 
ical and physical interference from the substrate. 
Here, we introduce the graphene liquid cell (GLC) 
as a real-time reaction chamber to study atom- 
resolved colloidal nanocrystal growth and dynamics 
with an aberration-corrected transmission elec- 
tron microscope. 

The high-resolution liquid cell is prepared by 
encapsulating a Pt growth solution between two 
laminated graphene layers suspended over holes 
in a conventional TEM grid. An example of the 
GLC is illustrated in Fig. 1: The TEM micro- 
graph shows the encapsulated liquid sample (area 
with darker contrast) trapped between two sus- 
pended graphene sheets (lighter contrast) (Fig. 1A), 
accompanied by an idealized illustration (Fig. 
1B). Graphene is grown on a copper foil substrate 
via chemical vapor deposition (20) and then di- 
rectly transferred onto a gold TEM mesh with a 
perforated amorphous carbon support (2/). The 
stock Pt growth solution (7) is pipetted directly 
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atop two graphene-coated TEM grids facing in 
opposite directions (fig. S1A). Upon wetting the 
system, the solution wicks between the graphene 
and amorphous carbon layers, allowing one of 
the graphene membranes to detach from its asso- 
ciated TEM grid (22). Because the van der Waals 
interaction between graphene sheets is relatively 
strong (23), liquid droplets of various thickness 
from 6 to 200 nm can be securely trapped be- 
tween a double-membrane liquid pocket or blis- 
ter (Fig. 1 and figs. S1B and S2). Although our 
GLCs are typically composed of monolayer 
graphene at the top and bottom interfaces, large 
surface strain imposed on the detached graphene 
by the solution can also cause the edge of the 
graphene sheet to curl up on itself many times, 
creating a nanoscroll, which in turn creates, if 
desired, multimembrane protected liquid pockets 
(fig. S1B, inset) (24). Generally, for our GLCs, 
the graphene remains fully intact throughout the 
fabrication process, as indicated by a relatively 
low defect-induced graphene D peak (around 
1350 cm ') observed in Raman spectra (fig. S3). 


We image Pt nanocrystal growth and dynamics 
in as-prepared GLCs on the Transmission Electron 
Aberration-Corrected Microscope I (TEAM I) 
managed by the National Center for Electron Mi- 
croscopy. The microscope is operated at 80 kV 
with a beam intensity of 10° to 10* A/n? main- 
tained during nanocrystal growth. Upon locating a 
liquid pocket on the TEM grid, the beam inten- 
sity is optimized, which reduces the Pt precursor 
and initiates nanocrystal growth (7). The graphene 
membrane with encapsulated liquid remains in- 
tact over the entire time period of TEM observa- 
tion, ensuring prolonged (at least tens of minutes) 
high-resolution in situ imaging. Spherical and 
chromatic aberration correctors on TEAM I fur- 
ther contribute to the exceptionally high resolu- 
tion and enhanced signal-to-noise ratio (25). 

Extended movies of colloidal Pt nanocrystal 
growth (movies S1 and S2) reveal major differ- 
ences between data collected with the use of 
GLCs compared with previous cells with silicon 
nitride windows (7), even at the earliest stages of 
the colloidal Pt nanocrystal growth. It is possible 


Fig. 1. (A) TEM image of a GLC; laminated graphene layers immobilize a blister of encapsulated stock 
solution (dark region). Scale bar, 50 nm. (B) Idealized illustration of local GLCs encapsulating growth 
solution. 
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Fig. 2. Still snapshots from movie S2 of Pt nanocrystal growth via coalescence and crystal-structure 
evolution observed with atomic resolution in a GLC. Schematic illustrations and corresponding TEM 
images exhibiting nanocrystal coalescence along the <111> direction, evolving into (A) a single crys- 
talline fcc structure or (B) a twinned (red dotted line) fcc structure. (C) Shape evolution of the Pt 
nanocrystal by straightening of the twin boundary (red dotted line) and evolution toward a hexagonal 
shape. The rightmost panel in each sequence shows a FFT of the panel adjacent to it. White arrows denote 
incoming small nanocrystals (as seen in insets). Scale bars, 2 nm. Z.A., zone axis. 
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to discern colloidal Pt nanoparticles with radii as 
small as 0.1 nm and to track their motion. Using 
silicon nitride window cells, the nanoparticle 
motion is perturbed by the windows; nanopar- 
ticles of Au and Pt in such cells have been ob- 
served to remain localized close to one of the 
windows, weakly bound to the surface layer, and 
to execute complex non-Brownian motion near 
the window (7, 26). In contrast, the interaction of 
the nanoparticles with graphene is weaker, and 
the motion of the colloidal Pt nanoparticles while 
growing by monomer attachment is not influ- 
enced by association with the window (see sup- 
plementary materials). 

The nanocrystals grow by both monomer ad- 
dition and frequent coalescence events (figs. S4 
to S6). Using the GLC, it is possible to directly 
observe critically important features of the coa- 
lescence process that could not be resolved in 
earlier studies. We first examine the crystallograph- 
ic orientation relationship of nanocrystals during 
their coalescence. Figure 2 shows TEM images 
of in situ Pt nanocrystal growth by coalescence. 
Incoming small nanocrystals are marked with 
white arrows on TEM images and can be seen 
clearly in black/white color mapped insets for the 
nanocrystal and background. Once nanocrystals 
collide at {111} planes, they merge quickly, with- 
in 0.26 s (the limit of our acquisition time). We 
observe that most coalescence events proceed along 
the same crystallographic direction, indicating that 
there is a specific nanocrystal orientation for coa- 
lescence (movie S2). This result is notable, be- 
cause {111} planes of a face-centered cubic (fcc) 
crystal have the lowest surface energy. This be- 
havior may be due to different degrees of ligand 
coverage on different nanocrystal factes; {111} 
planes of a fec crystal have the lowest surface 
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Fig. 3. Pt nanocrystal dynamics before (A and B) and after (C and D) 
coalescence. (A) Projected distance between two nanocrystals (red) up until the 
two nanocrystals coalesce, as well as the size [blue and green, area (square 
nanometers) is measured for spherical and ellipsoidal nanocrystal shapes 
before and after coalescence, respectively] of the two nanocrystals during the 
period of correlated motion. The nanocrystal labeled in green merges with the 
blue-labeled nanocrystal at 160 s. Two consecutive movie clips were merged 
into movie $1, accounting for the data gap of 5 s at the 95-s point. (B) Two- 


energy and, therefore, perhaps the lowest ligand 
coverage. In this scenario, nanocrystals that con- 
tact at {111} planes experience minimal ligand 
obstruction and hence quickly unify to minimize 
the total surface area—and, thus, overall surface 
energy (27). Coalescence in this manner proceeds 
in one of two ways: The first is contact that joins 
identical, or mirror, {111} planes. Nanocrystals 
captured in Fig. 2A exemplify this, which results 
in a perfectly aligned crystal with a single crys- 
tallographic domain, as shown in the fast Fourier 
transformed (FFT) pattern. The second case, as 
seen in Fig. 2, B and C, yields nanocrystals with a 
twin boundary; the corresponding FFTs reveal 
two double domains. For the duration of our 
movies, twin boundaries formed from coalescence 
remain locked within the nanocrystal. The inter- 
face energy of the twin boundary is known to be 
thermodynamically non-negligible (27). Howev- 
er, it appears that, under the present experimental 
conditions, structural rearrangements of the nano- 
particles occur mainly by surface rearrangements 
and not by reorganization of the complete nano- 
crystal interior. Misoriented particle coalescence 
appears to account for the formation mechanism 
of twin boundaries commonly observed in syn- 
thesized fec metal nanocrystals (27). 

Before coalescing along the {111} orienta- 
tion, the nanocrystals exhibit a prolonged period 
of correlated motion that facilitates lattice align- 
ment and unification. We track size and position 
change (Fig. 3) of two nanocrystals before they 
coalesce at the subnanometer range. In Fig. 3A, 
two nanocrystals show correlated rather than in- 
dependent motion over a 100-s interval, culmi- 
nating in lattice alignment and coalescence. The 
correlated motion presumably arises because of 
interparticle attractive forces. Based on theoret- 
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ical studies, the attractive forces can be attributed 
to van der Waals interactions, steric repulsions, 
and depletion forces arising from surface ligands 
(28). The duration of the correlated motions that 
we observe in movies S1 and S2 varies depend- 
ing on nanocrystal size and the local thickness of 
the liquid medium. We measure the center-to- 
center distance (red circles in Fig. 3A) between 
two adjacent nanocrystals from a position plot of 
the two nanocrystals (Fig. 3B). Comparison of 
this distance with nanocrystal size provides 
insight into the mechanisms of nanocrystal 
growth by coalescence. As the freely moving 
nanocrystals seen in movie S1 draw close, the 
center-to-center distance rapidly decreases. This 
initial event occurs within 40 s, and the center-to- 
center separation fluctuates between 4 to 6 nm for 
the next 25 s. While this dynamic event proceeds, 
the nanocrystals also grow in size from ~0.75 to 
1 nm in diameter due to monomer addition. The 
surface ligand, oleylamine, is known to be | to 
2 nm long, depending on the orientation and 
extension of its floppy alkyl chain and surface- 
packing density (29). Therefore, the sustained 
correlated motion occurs with weakly touching 
surface ligand layers (30). The center-to-center 
distance shows even more confined fluctuation 
of ~1 nm in the time interval from 80 to 130 s. In 
this time range, we observe that the correlated 
motion of the two nanocrystals exhibits 3D be- 
havior of rolling and relative sliding of nano- 
crystals over each other. Throughout this period, 
the nanocrystals continue to grow by monomer 
addition, continuously increasing the attractive 
force between the particles. After 130 s, the center- 
to-center distance approaches the sum of the radii 
of the two nanocrystals, and the nanocrystal lat- 
tices align, leading to coalescence at 160 s. 
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dimensional projected position change of the two nanocrystals before co- 
alescence. Blue and green correspond to the nanocrystals in (A), with the color 
gradient for time evolution from 40 s (bright) to 160 s (dark). Still snapshots 
for different stages can be found in fig. S7. (C) Neck diameter (n), thickness (t), 
and length (/) after the coalescence of the two nanocrystals. The time domain 
of this plot corresponds to the interval over which the apparent nanocrystal 
size decreases after coalescence in (A). (D) Still snapshots from movie $1 
corresponding to (C). Scale bar, 2 nm. 
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Single-particle growth trajectories in the one 
previous lower-resolution study of Pt nanocrystal 
growth showed an apparent size decrease after 
coalescence, as well as a short pause after co- 
alescence before apparent growth by monomer 
attachment has resumed (fig. $4) (7). In the GLC, 
it is possible to examine and understand in much 
more detail these unexpected phenomena that 
follow nanoparticle coalescence. Figure 3C is a 
plot of the change in length (/, along the center- 
to-center direction), thickness (¢, vertical direc- 
tion to the length), and neck diameter (”) of the 
coalesced nanocrystals, whereas Fig. 3D shows 
the corresponding TEM images. The nanocrys- 
tals are connected by a neck at the initial stage of 
coalescence. Neck growth is accompanied by a 
decrease in / and t, which indicates that the atoms 
migrate to the neck region, presumably by sur- 
face diffusion (37). After coalescence, the nano- 
crystal structure also gradually reorganizes, evolving 
truncated surfaces. Returning to Fig. 2C, the 
nanocrystal shape after coalescence changes from 
quasi-spherical to a hexagonal shape that mini- 
mizes the surface energy of the nanocrystal as 
expected from a Wulff construction, also by 
surface-diffusion processes. 

We introduce the GLC as a new type of liquid 
cell advancing the imaging of liquid-phase sys- 
tems; encapsulated liquid specimens are observed 
with an electron microscope at the highest res- 
olution possible to date with minimal sample 
perturbation. The GLC has enabled the study of 
colloidal nanocrystal growth with unprecedented 
resolution, revealing a host of previously unex- 
pected phenomena. We have directly observed 


the steps of nanocrystal coalescence and oriented 
attachment at an atomic level. The GLC can be 
readily applied to directly study a diversity of fluid- 
phase samples, which beg detailed observation. 
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Copper Systematics in Arc Magmas 
and Implications for 
Crust-Mantle Differentiation 
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Arc magmas are important building blocks of the continental crust. Because many arc lavas 
are oxidized, continent formation is thought to be associated with oxidizing conditions. On 
the basis of copper’s (Cu’s) affinity for reduced sulfur phases, we tracked the redox state of 
arc magmas from mantle source to emplacement in the crust. Primary arc and mid-ocean 
ridge basalts have identical Cu contents, indicating that the redox states of primitive arc 
magmas are indistinguishable from that of mid-ocean ridge basalts. During magmatic 
differentiation, the Cu content of most arc magmas decreases markedly because of sulfide 
segregation. Because a similar depletion in Cu characterizes global continental crust, the 
formation of sulfide-bearing cumulates under reducing conditions may be a critical step 


in continent formation. 


he composition and oxidation state of melts 
formed in subduction zones, collective- 
ly known as arc magmas, influence the 
formation and evolution of the continents, ore 
deposits, and possibly even the atmosphere (/). 


Arc magmas are oxidized relative to the average 
upper mantle; however, the means by which these 
lavas become oxidized is debated. The prevailing 
view is that arc magmas inherit their oxidized 
states from melting sub-arc mantle contaminated 


by subducted sediments and oceanic crust (/—5). 
Alternatively, primary arc magmas may be less 
oxidized than their more evolved counterparts if 
oxidation is caused by magmatic differentiation 
associated with crystallization and chemical in- 
teraction with preexisting crust (6-9). 

To resolve this debate, the redox state of the 
mantle source regions of arc magmas must be 
determined. Unfortunately, primary arc magmas 
recording this signature are rare because by the 
time they have risen to the surface, they have 
already differentiated. One approach has been to 
investigate the redox state of melts trapped in 
phenocrysts (4), but melt inclusions rarely rep- 
resent true primary magmas and are found only 
in extrusive rocks, which may not be representa- 
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Fig. 1. (A) Mineral/melt partition coefficients Dirinmett 
for clinopyroxene (cpx), orthopyroxene (opx), olivine (ol), 
and garnet (gt) plotted in order of decreasing relative 
abundances in MORBs. Elements with D > 1 and D < 
1 are compatible and incompatible in the mineral, the 
latter preferentially partitioned into the melt. D values 
for Cu are from this study; others are taken from the 
literature (table $4). Cu does not fit into silicate minerals 
but is highly compatible in sulfide phases; value of ~800 
represents partitioning of Cu between sulfide liquid and 
silicate liquid. (B) Bulk partition coefficients for perido- 
tite (62% ol, 20% opx, and 17% cpx), clinopyroxenite, 
and garnet pyroxenite (30% gt and 70% cpx) containing 
sulfide. Sulfide mode (0.06 wt %) in peridotite is 
equivalent to 200 ppm S assumed for primitive mantle 
(21). Sulfide mode in pyroxenites (0.36 wt %) is defined 
by the solubility of sulfide in basaltic magmas under- 
going fractional crystallization. (C) Primitive-mantle (29) 
normalized elemental abundances in basalts, based on 
globally averaged MORBs (for these elements, island arc 
basalts are similar) (39), and bulk, upper, and lower 
continental crust (BCC, UCC, and LCC) (28). Cu and Sc 
become compatible during continental crust evolution 
but are incompatible during mantle melting to form 
basalts. (D) Predicted residual melt compositions 
resulting from 50% fractional crystallization of basalt 
by pyroxenite and garnet pyroxenite cumulates, showing 
coupling of Cu and Sc depletion. 


Fig. 2. Mantle melting models. (A) Variation of aggre- 
gated melt and residual mantle composition with degree 
of melting (F) at 2 GPa, 1350°C and fO2 at FMQ+0. 
Initial S of 200 ppm and sulfide mode of 0.06 wt % are 
assumed. Melting depletes S (and sulfide) in the perid- 
otite residue. Cu is strongly compatible in sulfide and 
thus moderately incompatible during early melting of 
peridotite, when only a small decrease in bulk Cu con- 
tent in the residue occurs. After sulfide is exhausted (F = 
0.2), Cu becomes highly incompatible, and its behavior 
is defined solely by silicate-melt partitioning. Cu content 
in aggregate liquid is low during initial melting and 
reaches a maximum at F = 0.2 when sulfide is exhausted. 
At F > 0.2, Cu decreases because of dilution. Cu content 
of instantaneous liquids is shown for reference. (B) Pri- 
mary melt Cu content as a function of F and contoured 
against log fO, deviations from FMQ buffer (AFMQ); 
same P-T conditions as in (A). White squares represent 
MORBs from the East Pacific Rise, Indian Ridge, and 
Mid-Atlantic Ridge; black circles represent arc basalts 
from the Aleutians, Marianas, Mexico, Cascades, and 
Andes based on extrapolation of Cu-Mg/(Mg+Fe) trends 
to Mg/(Mg+Fe) = 0.72. Gray field is possible range of F 
in arc basalts (40). (C) Cu content of aggregate liquids 
versus fO2s for different F. Gray field refers to primitive 
MORBs and arc Cu from (B) and Fig. 3. 
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tive of the entire arc crust. Another approach is to 
track the evolution of those metals, whose par- 
titioning behaviors are sensitive to redox during 
mantle melting but largely redox-insensitive dur- 
ing early magmatic differentiation owing to 
their incompatibility in early fractionating min- 
erals (6, 7, 10). The relative proportions of such 
metals then record the original redox conditions 
in the mantle but do not record redox evolution 
during differentiation. 

One element that may provide insight into the 
entire redox history of magmas is copper (Cu). In 
the range of oxygen fugacities (fO2) typical of 
most igneous rocks, the valence state of Cu re- 
mains +1. However, its solid/melt partitioning 
behavior depends on the speciation of sulfur (S) 
(11, 12), which itself is redox-sensitive. At fO2 
values of AFMQ = —1 to 0 (log;o unit deviations 
from the fayalite-magnetite-quartz buffer), typi- 
cal of average uppermost mantle, the dominant 
oxidation state is S*, which stabilizes sulfides. 
At high fO,, however, S™ is stable as sulfate 
( SO,” ) only. In silicate melts, complete conver- 
sion from sulfide to sulfate occurs within a nar- 
row range between FMQ+1 and +2, resulting in a 
10-fold increase in total S solubility (72). Thus, 


200 


the redox state of magmas should be reflected in 
their S contents. However, determining pre-eruptive 
S contents is hampered by devolatilization of S 
at low pressures (/3) as well as by post-eruptive 
hydrothermal alteration and weathering. Cu is 
strongly partitioned into sulfide minerals but is 
generally insensitive to such post-eruptive pro- 
cesses. Sulfide liquid/silicate melt partition co- 
efficients (Dpmer) for Cu are between 600 and 
1200 (14-16). This makes Cu a potential tracer 
of pre-eruptive redox state of S, provided Cu does 
not partition into nonsulfide phases. 

To confirm that Cu partitioning into non- 
sulfide minerals is negligible, we measured the 
distribution of Cu between olivine phenocrysts 
and host magma and between minerals in mantle 
peridotites and garnet pyroxenite cumulates from 
arc environments (/7). Mineral/melt partition co- 
efficients were calculated from measured olivine/ 
melt (Doymeit) and mineral/olivine partition coef- 
ficients (Fig. 1A, table S2, and fig. S1). Cu is found 
to be incompatible in olivine (Doymer = 0.05), 
orthopyroxene (0.035), clinopyroxene (0.04), am- 
phibole (0.05), garnet (0.004), and spinel (0.2), 
indicating that in the presence of sulfide, the 
influence of these minerals on bulk partitioning 


> 200 


of Cu is negligible (Fig. 1A). The bulk parti- 
tioning of Cu during peridotite melting Dyer/mett 
therefore depends on how sulfide mode varies 
with melt extraction. The ubiquity of sulfide- 
bearing peridotite samples (/8) indicates that the 
mantle is generally sulfide-saturated, and detailed 
studies of these peridotites suggest that typical 
fertile mantle contains ~200 parts per million 
(ppm) S in the form of monosulfide solid solution 
(19-21). This corresponds to a sulfide mode of 
0.06 weight percent (wt %) and a bulk Cu parti- 
tion coefficient of ~0.5 at the onset of melting— 
that is, Cu is moderately incompatible, but in the 
absence of sulfide, Cu would be more incom- 
patible (Fig. 1B). Thus, as melting progressively 
consumes sulfide, the bulk partition coefficient of 
Cu decreases (Fig. 2A), and when sulfide is finally 
exhausted, Cu becomes almost perfectly incom- 
patible. The efficiency of S exhaustion—that is, 
the degree of melting needed to remove sulfide— 
depends on the solubility of S in the melt, which 
increases with decreasing pressure (P), increasing 
temperature (7), and increasing fO, (supplemen- 
tary text) (12, 22, 23). 

The above concepts can be quantified by 
modeling fractional melting of a fertile mantle 
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Fig. 3. Covariation of Cu and MgO in (A) MORB, (B and C) island arcs, 
and (D to F) continental arcs. Horizontal band represents average range 
of MORB Cu contents. Data sources are from GEOROC and RidgePetDB 
(supplementary text). Curves in (A) to (F) represent differentiation along 
fO2 evolution paths from FMQ = 0 to the value denoted. Curves are 
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and plagioclase in (A) to (C) and by a calc-alkaline differentiation series 
at 0.8 GPa involving olivine and clinopyroxene in (D) to (F) (supple- 
mentary text). Initial starting composition is that of a primitive basalt 
generated at FMQ+0. Tick marks on right side of each panel show Cu in 
primary magma as a function of fOz (Fig. 2, B and C) for an average F = 
0.1. Star indicates average composition of the BCC (28). 
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composition [30 ppm Cu and 200 ppm S (/9)] to 
generate a series of peridotite residues and in- 
stantaneous fractional melts, which are then pooled 
(Fig. 2). Melts are initially enriched in Cu because 
Doer/mett < 1, but as melting degree F increases, 
sulfide mode decreases, causing Dper/mett to de- 
crease even further so that Cu is more efficiently 
transferred into the melt. A maximum Cu content 
in the melt is reached at F'~ 0.2, when all sulfide 
is exhausted and the system becomes sulfide- 
undersaturated. At higher fO,, sulfide is exhausted 
at lower F; resulting in more efficient transfer of 
Cu into the melt (Fig. 2A, inset). For example, 
maximum Cu contents in melts exceed 100 ppm 
for FMQ+1 but are below 100 ppm for fO> val- 
ues less than FMQ (Fig. 2A, inset). As shown in 
Fig. 2B, primitive (MgO > 8 wt %) mid-ocean 
ridge basalts (MORBs) have 60 to 70 ppm Cu 
and therefore cannot be explained by melting at 
fO, > FMQ (Fig. 2B). This is consistent with the 
generally accepted fO, in MORBs (4). More sur- 
prising is that the Cu contents of primitive arc 
magmas fall between 50 and 90 ppm (Figs. 2B 
and 3), which is indistinguishable from MORBs. 
This overlap suggests that the f{O2 and Cu con- 


tent of sub-arc mantle must be similar to that of 
MORB mantle; if are mantle had f0.s > FMQ+1 or 
Cu > 40 ppm (the latter requiring enrichment by 
Cu-rich fluids, which in turn require high fO,), 
magmatic Cu contents >200 ppm would be 
predicted, which is not observed. Our results are 
consistent with the study of Jenner et al. (8) on an 
individual volcanic center in the Marianas arc 
and require that sub-arc mantle is not highly oxi- 
dized (<FMQ+1). 

Only during magmatic differentiation does 
the partitioning of Cu diverge (Fig. 3). In most 
arcs, Cu becomes compatible during differentia- 
tion, as evidenced by monotonic decrease in Cu 
with decreasing MgO, an index that correlates 
with progressive fractional crystallization. How- 
ever, in some arc magmas (mostly in island arcs) 
Cu initially behaves incompatibly and then in- 
creases with decreasing MgO until a maximum is 
reached, after which Cu becomes compatible and 
plummets as MgO decreases further. A quantita- 
tive understanding of these differentiation trends 
can be achieved by modeling the behavior of S 
during fractional crystallization at various fO, 
(Figs. 3 and 4). In these calculations, early crys- 
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(Fig. 3, caption). (B) Cu versus MgO in garnet pyroxenite cumulate xenoliths 


Cordilleran arc pyroxenites 


REPORTS 


tallization sequences specific for island arcs and 
continental arcs were adopted (only magmas 
with MgO > 4 wt % were considered) in order to 
match major element systematics (supplementary 
text). Cu depletion in the magma requires sulfide 
segregation (probably as sulfide droplets includ- 
ed in fractionating silicate minerals), whereas Cu 
enrichment requires suppression of sulfide crys- 
tallization, which can be achieved, as mentioned 
above, through decompression and fO, increase. 
The divergence of Cu in arc magmas suggests 
different fO, trends during differentiation, but the 
fact that all arc magmatic suites eventually evolve 
toward highly depleted Cu contents implies that 
all melts ultimately reach sulfide saturation. This 
limits fO2s during early magmatic differentiation 
to less than FMQ+1.3. 

The above explanation for the depletion of Cu 
in evolved arc magmas predicts the formation of 
Cu-rich cumulates in the lower crust or lithospheric 
mantle. To test this prediction, we examined py- 
roxenite xenoliths hosted in Late Miocene ba- 
saltic volcanoes in eastern California. These 
pyroxenites are cumulates associated with the 
formation of the Cretaceous Sierra Nevada 


from the Sierra Nevada batholith, one segment of the Cordilleran batholith. 
Curves represent compositions of instantaneous cumulates during fractional 
crystallization. These are the complements of the residual melt curves in (A). 
(C) Photomicrographs of sulfide (sf; pyrrhotite) inclusion within clinopyroxene 
(cpx) in the Sierran garnet pyroxenite cumulates. (Top) Reflected light. 
(Bottom) Unpolarized transmitted light. Star indicates BCC (28). 
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continental arc in western North America (24-27). 
The Cu content of the pyroxenites is highly scat- 
tered, which is expected for cumulates, particu- 
larly in continental arcs, where magma intrusion 
and crystallization occur through multiple events. 
The majority of pyroxenites is enriched in Cu 
compared with the primitive mantle, many con- 
taining more Cu (<400 ppm) than that of primi- 
tive basalts (70 ppm) (Fig. 4B). Both the low and 
high Cu abundances are consistent with our mod- 
el calculations of cumulate compositions. Sam- 
ples with the highest Cu contain Cu-rich sulfides 
(pyrrhotite and chalcopyrite) included within 
magmatic clinopyroxenes, which is evidence for 
sulfide+pyroxene co-precipitation (Fig. 4C and 
table S1). On the basis of the Cu content of the 
pyrrhotites (1 to 5 wt %) (table S3), we infer a 
sulfide fraction of ~1 wt % and a whole-rock S 
content of ~3000 ppm for the most Cu-rich 
pyroxenites. 

The generality of the above-described behav- 
ior of Cu and S can be assessed by examining the 
bulk Cu systematics of the time-integrated aver- 
age global continental crust. Globally averaged 
continental crust has ~30 ppm Cu (28), more than 
a factor of two lower than primary basaltic mag- 
mas in mid-ocean ridge and arc environments 
(Figs. 1C, 2, and 3A). Plotting the relative abun- 
dances of transition metals in order of compat- 
ibility during mantle melting shows that the 
continental crust is marked by a strong negative 
Cu anomaly relative to possible parental magmas, 
such as primitive island arc basalts or MORBs 
(Fig. 1C). This Cu depletion appears to be asso- 
ciated with depletions in scandium (Sc), chromi- 
um (Cr), and nickel (Ni). Although Ni and Cr 
depletion may be attributed to olivine and spinel 
fractionation, respectively, only clinopyroxene (and 
possibly amphibole) removal can simultaneously 
deplete Sc, Cr, and Ni (Fig. 1D). Coupled Cu and 
Se depletions in global continental crust thus 
suggest that sulfide-pyroxenite fractionation is an 
important step in the evolution and formation of 
continents as well as arc magmas. Mass balance 
indicates that 70 to 80% and 20 to 30% of the 
original Cu and S in parental arc basalts are se- 
questered in such cumulates (supplementary text 
and fig. $3). 

Our findings thus suggest that oxidizing con- 
ditions are not required to generate arc magmas 
or continents in general. One important implica- 
tion is that the mantle source regions of arc mag- 
mas are not anomalously enriched in Cu. This may 
seem surprising because there is a well-known 
association of Cu-porphyry ore deposits with arcs 
(5, 29). Cu-porphyries are dominantly associated 
with continental arcs and trace-element signa- 
tures [yttrium (Y) depletions] indicative of residual 
garnet (30), leading to the view that porphyry Cu 
deposits derive from mantle sources enriched 
in Cu via highly oxidized melting of subducted 
oceanic crust enriched in Cu and § during hydro- 
thermal alteration beneath the sea floor (5, 37). If, 
however, the mantle source is not enriched in Cu 
as suggested here, alternative explanations are 


required. Pyroxenite cumulates in the deep roots 
of arcs may be the only enriched source of Cu, 
raising the question of whether high-degree 
remelting of such pyroxenites can liberate, by 
sulfide exhaustion, the Cu necessary for forming 
ore deposits. Such conditions should occur when 
magmatic or tectonic thickening displaces cumu- 
lates to greater depths, where they are more prone 
to heating by the surrounding asthenospheric 
mantle and the passage of hot magmas. Melting 
at these pressures would generate peritectic 
garnet (32), resulting in magmas depleted in 
garnet- and clinopyroxene-compatible elements, 
such as Y and Sc, respectively. Although the 
formation of Cu-porphyry deposits still requires 
unusual concentration processes at shallow levels 
(33), remelting of pyroxenite cumulates in thick- 
ened arc roots may be a necessary step. Such a 
process may explain why porphyry Cu deposits 
are mainly found in thick, mature continental arcs 
and less in island arcs or incipient continental 
arcs (34, 35). 

What is the eventual fate of Cu-rich pyroxe- 
nite cumulates beneath arcs? Pyroxenites, especially 
if they have undergone metamorphic transforma- 
tion into garnet pyroxenites, are denser than 
underlying peridotitic mantle and therefore 
thought to eventually founder en masse into the 
convecting mantle (36). Indeed, foundering of 
mafic lower crust is thought to be an important 
step in driving the bulk composition of con- 
tinental crust toward silicic compositions (37). 
Foundering of deep arc roots may thus result in 
permanent removal of Cu and other sulfide- 
compatible metals, such as lead (Pb), from conti- 
nents. This implies that formation of Cu-porphyries 
may be possible only in a narrow window within 
the history of a continental arc (fig. S4) (38). Last, 
because Pb is the daughter product of uranium, 
which itself is not partitioned into sulfide-bearing 
pyroxenites, foundering of these pyroxenites 
through Earth’s history could have generated an 
unradiogenic Pb isotope reservoir deep in the 
mantle, leaving behind a continental crust and 
upper mantle characterized by radiogenic Pb 
isotopes. 
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The Role and Implications 
of Bassanite as a Stable Precursor 
Phase to Gypsum Precipitation 


A. E. S. Van Driessche,’ L. G. Benning,2* J. D. Rodriguez-Blanco,” M. Ossorio,”’ 


P. Bots,” J. M. Garcia-Ruiz?* 


Calcium sulfate minerals such as gypsum play important roles in natural and industrial 
processes, but their precipitation mechanisms remain largely unexplored. We used time-resolved 
sample quenching and high-resolution microscopy to demonstrate that gypsum forms via a 
three-stage process: (i) homogeneous precipitation of nanocrystalline hemihydrate bassanite 
below its predicted solubility, (ii) self-assembly of bassanite into elongated aggregates co-oriented 
along their c axis, and (iii) transformation into dihydrate gypsum. These findings indicate 

that a stable nanocrystalline precursor phase can form below its bulk solubility and that 

in the CaSO, system, the self-assembly of nanoparticles plays a crucial role. Understanding 

why bassanite forms prior to gypsum can lead to more efficient anti-scaling strategies for water 
desalination and may help to explain the persistence of CaSO, phases in regions of low 


water activity on Mars. 


(gypsum, bassanite, and anhydrite) from 
seawater led to the formation of numerous 
ancient and moder evaporite deposits on Earth 
(/, 2) and to abundant gypsum (3) and bassanite 
(4) on Mars. Today the precipitation of gypsum 
poses a serious economic threat through the for- 
mation of massive mineral scales in pipes and 
other production equipment in desalination plants 
that produce drinking water (5, 6). The formation 
of gypsum (CaSO,4°2H,0) from solution is gen- 
erally assumed to proceed via a single-step direct 
precipitation pathway (7), although a multistep 
pathway including an amorphous intermediate 
(8) has been reported. One current limitation in 
quantifying and controlling this reaction is the 
lack of a mechanistic understanding of the stages 
and variations in the structural identities of the 
solids that form during gypsum synthesis. 
Using two fast solution sample-quenching 
methods [vacuum/solvent filtration (9) and cryo- 
quenching (/0)] and high-resolution transmission 
electron microscopy (HR-TEM), we investigated 
the early stages of the nucleation and growth 
process(es) leading to the precipitation of CaSO, 
phases (//). We performed precipitation exper- 
iments in solutions supersaturated with respect to 
gypsum (saturation index SIgyp, = +0.14 to +1.04) 
(71) in order to mimic typical precipitation con- 
ditions in desalination plants and in natural evap- 
oritic environments (e.g., saline lakes), which 
ultimately play a decisive role in controlling 
the global sulfur cycle. 


Te precipitation of calcium sulfate phases 
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The first reaction observed was the homoge- 
neous nucleation of nanocrystal particles 10 to 
15 nm in diameter, with a d-spacing of 6.0 + 0.2 A 
(n = 80) (Fig. 1, A and B). Among all possible 
calcium sulfate phases (/2, 73), this d-spacing 
is characteristic of only the hemihydrate bassanite 
(CaSO4°0.5H2O). Remarkably, the bassanite 
nanocrystals nucleated at undersaturated condi- 
tions (SIga; = —0.02 to —0.72) (7). We confirmed 
their presence through fast Fourier transform 
(FFT) measurements (Fig. 1A, inset) of many in- 
dividual particles and through selected area elec- 
tron diffraction (SAED) of bassanite nanoparticle 
areas (Fig. 1G). Furthermore, the cryo-quench 
technique showed that these nanocrystals are not 
sample preparation artifacts. Images of nanoparti- 
cles produced using this approach revealed identi- 
cal bassanite nanocrystals, also with the 6.0 A and 
3.48 A d-spacings typical of bassanite (Fig. 1B). 
Finally, the presence of bassanite at these early 
stages was confirmed through powder x-ray dif- 
fraction of bulk samples extracted 
from the reacting solutions via dif- 
ferent vacuum/solvent filtration 
techniques (fig. S1). 

Once nucleated, these initially 
rounded nanoparticles seemed to be 
stable relative to the solution for 
short periods of time, after which 
they grew mainly along their c axis, evolving into 
variably sized nanorods (Fig. 1, C to E, and fig. S2). 
However, all nanorods maintained the bassanite d- 
spacings, as confirmed by multiple FFT measure- 
ments (Fig. 1D, inset) and SAED (Fig. 1H) 
analyses. The nanorods developed a porous aspect 
(Fig. 1, C to F) not observed in the >80 bassanite 
nanoparticles we analyzed (e.g., Fig. 1, A and B). 
Using a tilt series approach (5° angle per step over 
a 90° range), we repeatedly imaged various bas- 
sanite nanorods and confirmed that the observed 
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porosity was not a consequence of the HR-TEM 
imaging. Pores 2 to 30 nm in diameter were pre- 
viously reported in large (50 to 300 um) bassanite 
crystals (/4). Bassanite nanorods grew up to 100 nm 
in length (Fig. 1, D and E) but ultimately self- 
assembled into aggregates primarily co- 
oriented along the c axis (Fig. IF and Fig. 2A). 
However, all individual nanorods within the 
oriented aggregates still maintained the bas- 
sanite nanostructure, as confirmed by SAED 
(Fig. 11). 

Finally, the oriented bassanite aggregates 
(Fig. 2A) transformed into micrometer-sized, 
well-faceted, thin gypsum crystals (Fig. 2B; cor- 
responding SAED pattern in Fig. 2C). When we 
imaged these large gypsum crystals at high res- 
olution, remnants of bassanite nanorods (Fig. 2F) 
and assorted bassanite and gypsum d-spacings 
(Fig. 2, F and G) were still evident. Remnant 
bassanite was also confirmed through the SAED 
pattern collected from the large gypsum crystal 
shown in Fig. 2D, which revealed a combined 
bassanite (akin to the oriented aggregated bas- 
sanite in Fig. 11) and gypsum reciprocal lattice 
(Fig. 2E). 

These time-resolved observations show that 
the formation of bassanite nanocrystals and na- 
norods at undersaturated conditions and their 
oriented self-assembly are the crucial steps con- 
trolling gypsum formation from aqueous solutions. 
In many other similar salt systems, precipitation 
from solution proceeds via an amorphous pre- 
cursor and other metastable crystalline intermedi- 
ates, all of which form above their bulk solubility 
[i.e., amorphous calcium carbonate (/5, /6), vaterite 
(9), and amorphous calcium phosphate (/6, /7)]. 
Recently, a similar pathway was suggested in 
which an amorphous calcium sulfate and hemi- 
hydrate are sequentially precipitated prior to gyp- 
sum formation (8). However, our data show that 
the crystallization of gypsum does not proceed 
via an amorphous stage, but occurs via the solution- 
based nucleation, growth, and oriented self-assembly 
of nanocrystalline bassanite, which precipitates 
within its “forbidden” undersaturated solubility 
region (Slga; = —0.02 to —0.72). Such a reaction 
chain suggests that at ambient con- 
ditions, a different pathway for the 
precipitation of phases from solu- 
tion and their transformation 
through the Ostwald rule may be 
important. Combined with the ob- 
servation that the hemihydrate (bas- 
sanite) precipitated as a precursor to 
the more hydrated phase (gypsum), these find- 
ings contradict the generally accepted bulk 
solubility behavior (7, 73) for calcium sulfates. 
Bulk bassanite is metastable across the whole 
temperature range (Fig. 3A and fig. S3). How- 
ever, our data reveal bassanite nanoparticles and 
nanorods that are stable relative to an under- 
saturated solution (Fig. 3B and fig. S3) (77), which 
suggests that the solubility of the bassanite nano- 
crystals must be much lower relative to bulk bas- 
sanite. Furthermore, at the lowest supersaturation 
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Fig. 1. HR-TEM microphotographs of the first two stages of gypsum crys- 
tallization with samples prepared by either fast vacuum/solvent filtration (V/SF) or 
cryo-quenching (C-Q). (A) Typical nanocrystalline bassanite particle (10 s, 100 mM, 
W/SF) with corresponding FFT of the reciprocal bassanite d-spacing along the a 
axis (inset). (B) Set of nanoparticles (2 min, 75 mM, C-Q) with the characteristic 
6.0 and 3.48 A d-spacings for bassanite. (C and D) Small and large bassanite 
nanorods (4 min, 50 mM, W/SF); the inset in (D) shows the FFT corresponding to 
the reciprocal bassanite two-dimensional lattice structure along the a and c axes. 
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(E) Bassanite nanorods prior to oriented aggregation (15 s, 150 mM, V/SF). (F) 
Oriented bassanite aggregates coexisting with individual bassanite nanorods and 
bassanite nanoparticles (30 s, 100 mM). Some of the single and co-oriented 
nanorods are decorated with red ellipsoids for ease of viewing; bassanite nano- 
particles are circled in red to highlight their position (not their size). (G) SAED 
pattern of bassanite nanoparticles. (H) SAED pattern of bassanite nanorods with 
the reciprocal lattice along the c axis. (I) SAED pattern of oriented aggregated 
bassanite showing the reciprocal lattice along the a and c axes. 


(SIpas = —0.72, Sleyp = +0.14; fig. S2B), only 
small and poorly formed bassanite nanorods 
were observed, and no gypsum formed even after 
24 hours; these findings indicate that when small 
particles prevail, the solubility of bassanite may 
actually be lower than that of gypsum. 

Similar trends have been observed in several 
other systems [e.g., alumina (/8), titania (/9), 
and SiO, (20)], where size- and polymorph- 
dependent enthalpies play the dominant role in 
defining phase stability (2/). This is believed 
to be a consequence of the small differences in 
transformation enthalpies between polymorphs 
(21). Furthermore, when nanocrystalline particles 
become thermodynamically favored and form at 
the expense of the bulk phase [e.g., ZnS (22)], a 
change in surface enthalpy (energy) with particle 
size (or surface area) infers a correlation between 
phase stability (or metastability) and crystal size 
(21, 22). In the case of gypsum and bassanite, the 
transformation enthalpy [A.A gas-Gyp © 17 kJ/mol 
(/1)] is comparable to that of other systems. The 
surface enthalpies of calcium sulfates are much 
lower than those of other highly crystalline phases 
[e.g., titania or zirconia (2/)]. Nonetheless, for our 
system, the use of a constant surface enthalpy 
reveals a crossover between gypsum and bassa- 
nite only at very small particle sizes (Fig. 3C) (//). 
When variable surface enthalpies are inferred (Fig. 


3C) (23), a much more realistic picture emerges. 
The assumption of a direct link between decreasing 
surface energy and decreasing particle size due to 
lattice contraction (23) leads to a crossover be- 
tween gypsum and bassanite at a realistic particle 
size (Fig. 3C) (//), but this approach does not 
account for the formation of bassanite nanocrystals 
below their bulk solubility. 

An alternative concept that construes surface 
enthalpy as variable (//, 22) better represents our 
observations of bassanite precipitation below its 
bulk solubility, yet it assumes an effective nega- 
tive surface energy for the bulk phase (22). Al- 
though this is less representative of the conditions 
in our experiments, it still links the observed bas- 
sanite particle size with the oriented aggregation 
and self-assembly process in several ways: (i) 
Bassanite nanoparticle nucleation and growth to 
nanorods occurs when A,H",,, decreases with 
decreasing surface area (i.e., nanoparticles and/or 
nanorods are thermodynamically favored); (ii) 
oriented aggregation of the bassanite nanorods 
occurs when A,H"g,, increases with decreasing 
surface area, hence the growth of bassanite from 
solution becomes thermodynamically unfavorable 
as A.H",,. increases for larger particles; and (iii) 
the transformation of bassanite to gypsum occurs 
only when the overall size of the bassanite aggre- 
gates causes A.H’Gy, to become lower than A,7"pas 


(Fig. 3C). Furthermore, the aggregation through 
oriented self-assembly imparts a morphological 
control that ultimately leads to the recrystalliza- 
tion to large gypsum crystals. Lastly, the fact that 
the hemihydrate bassanite transforms to the di- 
hydrate gypsum indicates that water [structural 
(24) and/or bulk] must play an important role in 
both the self-assembly of the bassanite nanorods 
and their ultimate transition to gypsum. 

On a practical level, these findings show that 
a different reaction pathway could be responsible 
for the formation of the massive gypsum deposits 
in terrestrial evaporitic environments (/, 2) or gi- 
ant gypsum crystals formed in caves (25, 26) and 
that this same pathway may also be the reason for 
the persistence of bassanite in environments with 
low water activity postulated for Mars (3, 4). 
Special attention should be paid to the bassanite 
precursor phase in water desalination plants, as 
this may help to reduce gypsum scaling. Finally, 
our results provide a first step to a likely alter- 
native and more cost-effective pathway for bas- 
sanite formation at room temperature; currently 
~10'' kg of bassanite per year are produced for 
construction purposes [“‘plaster of Paris” (7)] via 
the thermal dehydration of gypsum, and a direct 
aqueous synthesis of bassanite at room temper- 
ature would avoid the energy cost of high- 
temperature dehydration (7). 
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Fig. 2. Stage three of the gypsum crystallization reaction. (A) 
Large oriented aggregate with an overall gypsum morphology 
but formed by self-assembly of bassanite nanorods (15 s, 150 mM, 
V/SF), with inset showing a detail of the tip section, decorated with 
red ellipsoids for ease of viewing. (B to E) Large, highly crystalline 
gypsum crystals (40 s, 100 mM, V/SF) are shown in (B); a circle 
marks the area for the corresponding SAED pattern in (C). Gypsum 
crystals (6 min, 75 mM, C-Q) are shown in (D); a circle marks the 
area for the SAED pattern in (E). (F and G) High-resolution images 
of (D) with marked distances for bassanite (6.0, 3.4, and 3.1 A) 
and gypsum (3.1 and 2.8 A). 


Fig. 3. (A) Temperature-dependent ~ 
solubility diagram for the three CaSO, 

polymorphs in pure water at saturated 9 __ 
water vapor pressure, with the stable 2 
polymorph indicated by solid lines. (B) = 
Bulk solubility of bassanite and gyp- @ 
sum calculated at 21°C as a function of x 
total experimental salinity (black dots) © 
with corresponding SI values. The solu- 8 


bility curves, and Slz,; and Slcy, were 
calculated with PHREEQC (11, 23). (C) 
Illustration of the link between surface 
area (or particle size) and enthalpy of 
reaction (A,H’) with respect to bulk 
gypsum. The change in enthalpy has 
been calculated in three ways: (i) using a constant surface energy y (18, 21) shown with black 
(gypsum) and red (bassanite) lines, (ii) considering a decreasing surface energy (23) with decreasing 
particle size due to lattice contraction for bassanite nanoparticles (pink curve), and (iii) applying a 
surface area—dependent surface enthalpy and negative surface energy for bulk bassanite (22) shown 
by the blue curve. This latter model, which assumes variable surface enthalpy, best described our 
observations. The horizontal gray line indicates the A,H’ for bulk gypsum, the solid vertical gray line 
represents the hypothetical surface areas where A,H’,,, is at a minimum, and the dashed vertical 
gray line represents the hypothetical surface area where A,H’g,; = A,H ‘yp. 
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Late Accretion on the Earliest 
Planetesimals Revealed by the 
Highly Siderophile Elements 


Christopher W. Dale,?* Kevin W. Burton,? Richard C. Greenwood,” Abdelmouhcine Gannoun,? 
Jonathan Wade,* Bernard J. Wood,’ D. Graham Pearson*? 


Late accretion of primitive chondritic material to Earth, the Moon, and Mars, after core formation 
had ceased, can account for the absolute and relative abundances of highly siderophile elements (HSEs) 
in their silicate mantles. Here we show that smaller planetesimals also possess elevated HSE abundances 
in chondritic proportions. This demonstrates that late addition of chondritic material was a common 
feature of all differentiated planets and planetesimals, irrespective of when they accreted; occurring 
<5 to >150 million years after the formation of the solar system. Parent-body size played a role in 
producing variations in absolute HSE abundances among these bodies; however, the oxidation state 
of the body exerted the major control by influencing the extent to which late-accreted material 
was mixed into the silicate mantle rather than removed to the core. 


ighly siderophile (iron-loving) elements 
Hiss: Re, Os, Ir, Ru, Rh, Pt, Pd, and 

Au] have low-pressure metal-silicate par- 
tition coefficients that are extremely high (10’ to 
10'°) (J, 2). Consequently, these elements should 
have been substantially partitioned into the metallic 
cores of Earth and other rocky planets, leaving their 
silicate mantles effectively stripped of HSEs. Yet the 
concentrations of the HSEs in Earth’s upper mantle 
(3) and the martian mantle (4, 5) are much greater 
than predicted from low-pressure experimental data 
(Fig. 1, inset) (6). The siderophile behavior of some 
HSEs may, however, be greatly reduced under high 
pressure-temperature conditions, and on this basis it 
has been suggested that high-pressure equilibration 
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at the base of'a deep molten silicate layer, or magma 
ocean (7, 8), may account for their abundances in 
Earth’s mantle. Nevertheless, the large apparent range 
of partition coefficients for HSEs, even at the elevated 
temperatures accompanying higher pressures in 
larger bodies (9-//), is not consistent with the 
chondritic (i.e., primitive solar system) patterns of 
HSEs in both the terrestrial and martian mantles or 
with the similarities in absolute abundances between 
the two bodies (/2). This strongly suggests that 
high-pressure equilibration was not the dominant 
process controlling their present concentrations. 
The simplest explanation of both the absolute 
and relative abundances of HSEs in the terrestrial 
and martian mantles is the late accretion of chon- 
dritic material after core formation, with material 
being mixed into the mantle by convection (/3, 14). 
Chondritic late addition of between 0.4 and 1% 
of the mass of the terrestrial and martian mantles 
(72) is permitted by current dynamical models of 
planetary accretion. However, the Moon poses a 
problem because, despite its smaller cross sec- 
tion and much weaker gravitational field, its HSE 
concentrations (/5, 16) are markedly lower than 
predicted by a late-accretion hypothesis (/2). 


Stochastic late accretion offers a solution to this 
problem, with late-stage material provided by im- 
pactors drawn from a leftover planetesimal pop- 
ulation dominated, in mass terms, by large bodies 
(17). With such a population, a limited number of 
massive random impacts could have delivered 
proportionally more material to Earth and Mars 
than to the much smaller Moon. 

The accretionary histories of Vesta and sim- 
ilar asteroids were different from those of the 
terrestrial planets and the Moon, which accreted 
over time scales of 30 to 140 million years (My) 
(4, 18). The smaller asteroids appear to have 
experienced rapid, efficient, and relatively low- 
pressure metal-silicate equilibration during global- 
scale melting (/9) within the first few million 
years of the solar system, with a relatively short 
time window for late accretion between the end 
of core formation and the crystallization of the 
magma ocean or crust (/8). Given the short time 
scale, and a relative deficit of small planetesimals 
available to be accreted (/7, 20), it is reasonable 
to predict that the silicate portions of these plan- 
etesimals possess extremely low HSE abundances, 
potentially with fractionated relative proportions re- 
flecting equilibration during core formation, with- 
out substantial late addition of chondritic material. 

Here we present HSE abundances and '*7Os/ 
1885 isotope data (2/) for basaltic meteorites: 
the eucrites and diogenites [part of the howardite- 
eucrite-diogenite (HED) suite generally believed, 
and assumed here, to sample the asteroid 4 Vesta]; 
anomalous eucrites [considered to be from distinct 
Vesta-like parent bodies on the basis of their oxy- 
gen isotope compositions (22)]; angrites (from an 
unidentified parent body); and SNCs (believed to 
be from Mars). 

Initial assessment of our data indicates that all 
the basaltic meteorites studied here have HSE 
interelement ratios (and Os isotope ratios) ap- 
proaching those of chondrites (Fig. 1A and fig. 
S1), with some enrichment in Pt, Pd, and Re. 
There is no evidence for the extreme mantle de- 
pletions of Pt and Ir expected to accompany low- 
pressure metal-silicate equilibration (/, 6). The 
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Fig. 1. (A) Mean HSE 
concentrations for each 
achondrite group, nor- 
malized to Cl chondrite. 
(B) Mantle HSE concen- 
trations in each parent 
body (PB), estimated using 
the HSE ratio method 
(Fig. 2) (21). (Inset) HSE 
concentrations in Earth's 
mantle compared with 
calculated mantle abun- 
dances remaining after 
low-pressure-temperature 
(low-P-1) (applicable to Ves- 
ta) and high-temperature 
equilibrium metal-silicate 
partitioning during core 
formation [the upper bound 
of high-temperature par- 


Angrites 


Cl chondrite-normalized 


Os Ir 


titioning is displayed, but a greater discrepancy between calculated and 
observed concentrations for some elements is likely (21)]. High-T, high- 
temperature. Relative HSE proportions in the silicate mantles of the various 
parent bodies are all broadly chondritic, but the absolute concentrations 


Fig. 2. Estimation of 
parent-body mantle HSE 
abundances using in- 
compatible/compatible 
HSE ratios (21). Platinum 
is more incompatible than 
Os during mantle melt- 
ing. High melt fractions 
have low Pt/Os ratios and 
high Os that approach 
the HSE content of the 
source mantle. Large sym- 
bols for HED indicate the 
least “disturbed” samples 
in terms of having broad- 
ly chondritic initial Os 1 
isotope compositions and 
smooth HSE patterns (27). 
A faint HED field encom- 
passes all samples. PM, 
Earth’s primitive mantle; Cl, 
average Cl chondrite. For 
data sources, see fig. S2. 
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widespread enrichment in Pt, Pd, and Re reflects 
the incompatible behavior of these elements dur- 
ing partial mantle melting (23); that is, these el- 
ements preferentially enter the basaltic melt, 
relative to the mantle source. Consequently, the 
absolute and relative abundance of HSEs in the 
basaltic meteorites studied here are not the same 
as those of their mantle source. On Earth, HSE 
abundances in igneous rocks covary with Mg 
content, and one approach that has been used to 
estimate HSE abundances in the mantles of other 
planets is to compare their HSE-MgO covariations 
with that of Earth (/5, 16) (supplementary ma- 
terials). The implicit assumption is that the con- 
ditions and mineral phases involved in melting 
and fractional crystallization are the same in all 
bodies. For eucrites and diogenites, however, both 
believed to be from Vesta, this approach yields 
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very different estimates of HSE concentrations in 
their mantle source (fig. S2). Given that the raw 
data indicate an approximately chondritic pattern 
(Fig. 1), an alternative method is to use the rel- 
ative compatibility of the HSEs themselves to 
determine their concentrations in the melt source. 
For example, Pt behaves as a moderately incom- 
patible element during melting (entering the melt), 
whereas osmium is highly compatible (and is re- 
tained in the residual mantle or cumulate rocks), 
resulting in higher Pt and lower Os contents in 
basaltic melts, relative to their mantle source (24). 
Consequently, Pt/Os ratios in magmatic rocks 
from Earth and all other parent bodies define ar- 
rays that can be seen to evolve from interelement 
ratios and abundances that closely match those 
of their melt sources [Fig. 2 and supplementary 
materials (23)]. The slope of a given array will 


Ir Ru Pt Pd Re 


vary by two orders of magnitude. Lunar mantle melts (25) are shown for 
comparison in (A); Cl chondrite values are from (40); and Earth's mantle 
values are from (3). For lunar and martian mantle estimates, see Table 


depend on the HSE partition coefficients for that 
parent body, but the origin of the array (source 
composition) is independent of this parameter. 
HSE abundances estimated in this way dem- 
onstrate that the fractionated patterns preserved in 
these basaltic meteorites evolved from sources 
with interelement ratios that are broadly chondritic 
(Figs. 1B and 2), consistent with their '*’Os/'**Os 
isotope compositions (fig. S4 and table S1). These 
data confirm that excess HSE concentrations (with 
respect to equilibrium core-mantle partitioning) are 
a common feature of differentiated planets and as- 
teroidal bodies in the inner solar system, apparent 
both in meteorite parent bodies formed within 2 
to 3 My of the beginning of the solar system and in 
large planets such as Earth, where accretion may have 
continued for several hundred million years. Several 
of the samples contain evidence for late-stage me- 
teoritic contamination and thus do not reflect the HSE 
contents of their source mantle (25), but these samples 
aside, a striking feature of the data is that whereas 
each of these different parent bodies possesses 
chondnritic relative proportions of HSEs, the absolute 
abundances vary considerably (Fig. 1B). The 
estimate for Vesta (13 samples, both eucrites and 
diogenites) is uniformly low as compared to the 
angrite and Pasamonte parent bodies, which are at 
least an order of magnitude more HSE-rich (26). 
The principal controls on the HSE abundances 
in the silicate parts of these bodies must be, first, 
the extent of initial segregation into the metallic 
core, and second, the nature and timing of late ac- 
cretion. For differentiated asteroids, such as Vesta 
and the angrite parent body, early global-scale melt- 
ing (79) facilitated rapid and efficient core forma- 
tion, consistent with core segregation ages that range 
from 3 to 6 My after the start of the solar system 
(/8). Furthermore, because the pressure at which 
metal and silicate equilibrated during core segre- 
gation on Vesta was much lower (<2 GPa) than on 
Earth, Mars, or the Moon, variable but almost 
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complete depletion of the HSEs in the residual dances are observed for Vesta, indicating substantial 
mantle would be expected at the end of core for- removal to the metallic core, the relative propor- 
mation (/, 27). Although very low absolute abun- __ tions of HSEs are chondritic, consistent with late 


Table 1. Average sample HSE concentrations and estimated mantle HSE concentrations for each 
parent body. All mantle concentrations were estimated by the incompatible/compatible HSE ratio 
method (21), except the published estimate for the lunar mantle, which was derived from re- 
gression of MgO versus HSE. Estimated uncertainties are included except where the small number 
of samples analyzed makes such estimation impossible. The estimate for Vesta is based on “un- 
disturbed” samples (21). The estimates for Pasamonte and Ibitira are based on inferred chondritic 
proportions and similar slopes in ratio plots to those of other parent-body melts. 


Os Ir Ru Pt Pd Re Total HSE 
(ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) 

Earth (3) 3.92 3.50 7.11 7.74 7.21 0.32 29.8 
Vesta (HED parent body) 

Diogenite average 0.020 0.014 0.046 0.15 0.12 0.006 

Eucrite average 0.025 0.022 0.038 0.10 0.21 0.006 

Mantle estimate 0.07 0.07 0.10 0.12 0.04 0.004 0.40 

High 0.18 0.18 0.25 0.35 0.10 0.016 

Low 0.03 0.03 0.04 0.03 0.01 0.001 
Angrite parent body 

Angrite average 0.50 0.60 0.83 2.0 11 0.91 

Mantle estimate 1.5 1.5 2 3 1.8 0.1 10 
Pasamonte parent body (n = 1) 

Average 0.424 0.629 1.33 1.69 1.29 0.054 

Mantle estimate 1 1 1.5 2 1.2 0.08 7 
lbitira parent body (n = 1) 

Average 0.018 0.019 0.029 - 0.018 <0.001 

Mantle estimate 0.01 0.01 0.01 0.02 0.02 0.002 7 
Mars* 

SNC average 0.96 0.98 1.8 8.4 10.0 0.12 

Mantle estimate 2.4 2.4 3 4 3 0.1 15 

High 3.5 3.5 4 5 4 0.2 

Low 15 1.5 15 2.5 15 0.05 
Moont 

Mantle estimate 0.07 0.07 0.10 0.10 0.03 0.004 0.37 

High 0.13 0.13 0.15 0.15 0.04 0.005 

Low 0.04 0.04 0.05 0.03 0.01 0.001 
Moon [estimate from (22)] 0.1 0.1 0.1 0.2 0.1 0.01 0.6 


*The Mars average and mantle estimate include data from (5). +The Moon estimate used “undisturbed” data from (15, 16). 


Fig. 3. Total HSE con- 
centration estimated for 
each parent-body mantle 
relative to (A) parent- 
body mass and (B) oxi- 
dation state [defined in 
log units relative to the 
iron-wiistite buffer (IW)] 
(41). Although the oxi- 
dation states for Earth 
(present-day upper man- 
tle) and Mars do not nec- 
essary reflect conditions 
at the time of late ac- 
cretion, there is strong 
evidence for the estab- 
lishment of present-day 
levels of oxidation be- 
fore 4 billion years ago 
(42, 43), and an increase 
in oxygen fugacity (fo,) 
during core formation is required to account for moderately siderophile element 
abundances in Earth’s mantle (32). A linear relationship in (B) provides a good 
fit, but a nonlinear relationship is also plausible, with low mantle HSE contents 
below the IW buffer and a rapid increase in oxidation of late-accreted metal, and 
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accretion. For Earth, Mars, and Vesta, HSE abun- 
dances appear to relate to parent-body size (Fig. 
3A), suggesting that there is proportionally more 
late-accreted material in larger bodies (~0.6% of 
the mantle mass for Earth, ~0.4% for Mars, and 
~0.01% for Vesta). This suggests that the extent 
of HSE enrichment depends on the time interval 
after the end of core formation and before complete 
solidification of the magma ocean, during which 
late-accreted material could be added and mixed 
into the mantle. This time window for addition de- 
pends on cooling rate and hence on the size of the 
parent body. For Mars and Earth, in accord with 
the higher levels of HSEs in their mantles, the pe- 
riod over which late impactors could be accreted 
and mixed into the upper mantle was much longer 
and differed in timing [some 20 My for Mars after 
early core formation (4, /8) and up to 100 My for 
Earth after the giant Moon-forming impact (/8)]. 
In addition, plate tectonics may have provided a 
means of mixing late-accreted material into Earth’s 
interior even after complete magma ocean and 
crust solidification, but early Earth HSE contents 
were still much higher than in Vesta and the Moon 
(28). For early planetesimals (Vesta and the angrite, 
Ibitira, and Pasamonte parent bodies), core for- 
mation ceased between 3 and 6 My after the 
formation of the calcitum- and aluminum-rich in- 
clusions, with magmatic crystallization occurring 
no more than a few million years later (78), as is 
consistent with their lower HSE contents. Never- 
theless, the angrite parent body and the Moon 
possess much higher and lower mantle HSE abun- 
dances, respectively, than might be expected on 
the simple basis of their sizes (29). It is apparent, 
therefore, that factors other than size were im- 
portant in controlling HSE abundances. 

A much better covariation exists between the 
HSE abundances of planets and meteorite parent 
bodies and their oxygen fugacities than between 
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hence mantle HSE concentration, once a threshold oxygen fugacity was ex- 
ceeded. For lunar and martian mantle HSE concentration estimates, see Table 
1 notes. HSE uncertainty for the angrite parent body is assumed to be the same 
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HSE abundance and size (Fig. 3B). This obser- 
vation suggests that in reduced bodies, late-accreted 
metal was predominantly added to the core, where- 
as in oxidized bodies, such as Mars, Earth, and 
the angrite parent body, metal was substantially 
mixed into the mantle. This is a logical consequence 
of the higher ferric iron contents of oxidized 
bodies, because ferric iron provides the potential 
for the oxidation of metal and its dissolution in 
mantle silicates (6, 30). During the principal phase 
of metallic core formation, all bodies were saturated 
in metal and hence highly reduced. Oxidation is 
believed to have occurred through the addition of 
more-oxidized materials toward the end of accre- 
tion (3/). In the cases of Earth and Mars, there was 
an additional mechanism for the production of 
ferric iron through the disproportionation of ferrous 
iron into ferric iron plus Fe metal (32, 33). This 
mechanism requires the stabilization of silicate 
perovskite at very high pressures in the lower man- 
tle, a process that occurs widely on Earth, to a small 
extent on Mars, and not at all in smaller bodies. 
It appears that late accretion was spatially and 
temporally widespread in the inner solar system, 
with HSE abundances in differentiated asteroids 
and the terrestrial planets reflecting both the ex- 
tent of initial removal into the metallic core and 
the proportion of material added by late accretion. 
Ifthe oxidation state exerted the dominant control 
on HSE abundances in the silicate mantles of all 
bodies, including the Moon, it follows then that 
the oxidizing conditions of the silicate mantles of 
Earth and Mars were established before, or syn- 
chronously with, late accretion, although not nec- 
essarily at the conditions seen at the present day. 
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Mapping the Core of the Arabidopsis 
Circadian Clock Defines the Network 
Structure of the Oscillator 


W. Huang,’ P. Pérez-Garcia,” A. Pokhilko,” A. J. Millar,”? |. Antoshechkin,“ J. L. Riechmann,”"*° P. Mas™* 


In many organisms, the circadian clock is composed of functionally coupled morning and evening 
oscillators. In Arabidopsis, oscillator coupling relies on a core loop in which the evening oscillator 
component TIMING OF CAB EXPRESSION 11 (TOC1) was proposed to activate a subset of morning-expressed 
oscillator genes. Here, we show that TOC1 does not function as an activator but rather as a general 
repressor of oscillator gene expression. Repression occurs through TOC1 rhythmic association to the 
promoters of the oscillator genes. Hormone-dependent induction of TOC1 and analysis of RNA 
interference plants show that TOC1 prevents the activation of morning-expressed genes at night. Our 
study overturns the prevailing model of the Arabidopsis circadian clock, showing that the morning 
and evening oscillator loops are connected through the repressing activity of TOC1. 


he molecular circuitry underlying circa- 
dian rhythms relies on the reciprocal reg- 
ulation of clock components forming 


negative-feedback loops at the core of the os- 
cillator (7). However, deciphering the oscillator 
transcriptional regulatory code is a major challenge 
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due to the interplay among clock activators and 
repressors, which are responsible for the gen- 
eration of the loops. In Arabidopsis, two MYB 
transcription factors, CIRCADIAN CLOCK AS- 
SOCIATED 1 (CCA1) and LATE ELONGATED 
HYPOCOTYL (LHY) (2, 3)—together with the 
pseudoresponse regulators PRRS, 7, and 9 (4)— 
function as key components ofa so-called “morning 
loop,” which interlocks with an evening loop (5, 6) 
composed of TIMING OF CAB EXPRESSION 
1 (TOC1) (or PRR1) (4, 7), GIGANTEA (GI) 
(8, 9), and a hypothetical component Y (/0). The 
evening loop also includes the evening com- 
plex composed of EARLY FLOWERING 3 and 
4 (ELF3 and ELF4), as well as LUX ARRHYTHMO 
(LUX) (//, 12). 

Regulation of TOC1 rhythmic expression is 
essential for proper functioning of the clock 
(3, 14). Mechanisms that contribute to this reg- 
ulation include changes in chromatin structure 
(/5), transcriptional regulation (/6), and protein 
degradation (/7). Alterations of this regulation 
affect clock function and result in disrupted cir- 
cadian gene expression and changes in time to 
flower (7, 18, 19). TOC1 also connects environ- 
mental signals with clock-controlled photomor- 
phogenic and hormonal outputs (/8, 20). Gene 
expression analysis using toc/ mutant plants led 
to the hypothesis that TOC1 inhibits its expres- 
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sion by activating the repressors CCA1 and LHY 
(16, 21). The direct interaction of TOC1 with 
CCA1 HIKING EXPEDITION was proposed as 
a regulatory link connecting TOC1 with the ac- 
tivation of CCA/ (2/). Our study changes the 
sign of TOC1 function at the core of the clock 
and shows that the morning and evening feed- 
back loops are connected through the repressing 
activity of TOC1. 

We used chromatin immunoprecipitation fol- 
lowed by deep sequencing (ChIP-Seq) to obtain a 
high-resolution map of TOC1 chromatin occu- 
pancy on a genome-wide scale (22). The ChIP 
experiments were performed with TOC1 minigene 
(TMG) seedlings expressing the genomic fragment 
of TOC! fused to the yellow fluorescent protein 
(78) in the toc/-2 (hypomorphic mutant) back- 
ground (fig. S1) (7). ChIP-Seq data analysis in 
search of genes that contained one or more TOC1 
binding regions identified 867 peak-to-gene 
associations (ChIP-Seq peak P value < 0.001) 
corresponding to 772 potential TOC! target genes 
(fig. S2 and table S1). Consistent with previous 
studies (20, 21), we found that CCA/ and ABAR/ 
CHLH/GUNS, binding targets of TOC1, were 
present in our gene list. The ABAR circadian ex- 
pression is repressed by TOC] (20). 

As TOCI is a key component of the Arabidopsis 
circadian system, we analyzed the proportion of 
TOC 1-binding genes that were under the control 
of the circadian clock. Using different circadian 
gene expression data sets (23, 24), we found that 
40% of TOC] targets were regulated by the cir- 
cadian clock (figs. S3 and S4 and tables S1, S2, 
and S6). Analysis of peak phases of expression 
revealed a phase enrichment around dawn (Fig. 1, 
A to C, and table S3), which suggests that TOC1 
modulates clock genes expressed during the 


morning phase. We also found that the promoters 
of the oscillator components were occupied by 
TOCI1. The targets included genes from both the 
morming (CCA/, LHY, PRR9, and PRR7) and 
evening loops (GI, TOC1, ELF 4, and LUX) (Fig. 
1, D to G, and table S4). We also identified other 
components associated to the oscillator such as 
PRRS5 (13), whereas other clock-related genes 
more indirectly linked to the transcriptional reg- 
ulation of the oscillator—such as Z7L, FKF1, or 
LKP2 (13) or clock genes expressed only in spe- 
cific tissues (e.g., PRR3) (13)—were not found 
as putative TOC1 targets. Independent ChIP— 
quantitative polymerase chain reaction (QPCR) 
analyses showed specific amplification of the 
regions identified by ChIP-Seq, consistent with 
the binding of TOC1 to the promoters of the 
oscillator genes (fig. S5). We further validated our 
results by using TOC1-overexpressing plants 
(TOC1-ox), in which TOC] is constitutively ex- 
pressed. In these plants, TOC1 occupancy at the 
oscillator loci was significantly higher than occu- 
pancy at the promoters of genes not present in our 
ChIP-Seq list (fig. S5). We therefore report the as- 
sociation of TOC] to the promoters of the morn- 
ing and evening oscillator genes. Binding might be 
indirect and may require other cofactors and/or 
the formation of higher-order protein complexes. 

Analysis of TOC1-bound oscillator sequences 
identified a significantly enriched motif closely 
related to the GBox (named GBox-expanded) 
(Fig. 1H, fig. S6, and table S5). We also found 
that a motif very similar to the circadian motif; eve- 
ning element (EE), was present in both morning- 
and evening-expressed oscillator genes (named 
EE-like—expanded) (Fig. 1] and fig. S6). The EE 
motif was proposed to be associated with evening- 
expressed genes (/6, 25). The motifs were positioned 


Fig. 1. Analysis of TOC1 ChIP-Seq circadian targets. Global trend of ex- 
pression phases within TOC1 circadian targets (A and B) and for a random list 
of circadian genes (C). Phase enrichments were graphically portrayed within a 
range of ChIP-Seq P values at different Zeitgeber times (radial axis: 0-dawn; 
12-dusk). The white and gray areas represent day and night, respectively. Peak 
traces of LHY (D), PRR7 (E), PRR9 (F), and G/ (G) from TOC1 ChIP-Seq data. The 
exon-intron—untranslated region structure of the different gene models above 


, a 
500 


and below each panel indicates forward and reverse orientation, respectively. 
Position weight matrix representation of consensus motifs present within the 
TOC1 target oscillator sequences. The Gbox-expanded (H) and EE-like— 
expanded (I) motifs were identified using the SCOPE motif finder. Both strands 
were used to compute the significance value. ChIP-Seq, peak visualization, 
circadian phase analysis, and motif discovery were performed as described in 
the supporting online material (SOM). 
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very close to the center of the TOC1-bound ChIP- 
Seq genomic regions (fig. S6). A similar positional 
enrichment at the peak maximum was observed 
when sequences of the circadian genes bound by 
TOC] were analyzed (fig. S6). The results were con- 
sistent with a ChIP-QPCR screening of the CCA/ 
promoter, showing that amplicon enrichment de- 
creased as the distance from the GBox and EE- 
like motifs increased (fig. S6). 

We next analyzed the role of the circadian 
clock in modulating TOC1 interaction with its 
target genes by performing ChIP assays with 
TMG plants synchronized under 12-hours light/ 
12-hours dark (LD) cycles. The results revealed a 
rhythmic oscillation of TOC1 binding with a peak 
at Zeitgeber time 15 (ZT15, 3 hours after lights 
off; ZTO, lights on), the proposed time of TOC1 
function (Fig. 2, A to D). Similar oscillatory bind- 
ing was observed in plants grown under constant 
light (LL) conditions (Fig. 2, E and F), indicating 
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arole for the circadian clock. The rhythmicity was 
abolished in TOC1-ox plants (Fig. 2, G and H), 
suggesting that TOC1 binding is dictated by its 
protein abundance, which is under circadian reg- 
ulation. These results, together with the arrhyth- 
mic phenotypes of TOC1-ox (/8), support the 
notion that the circadian pattern of TOC1 binding 
is relevant for TOC1 function in the clock. 

We next examined oscillator gene expression 
in wild-type (WT) and TOC1-ox samples under 
LD and LL cycles. The peak expression of tran- 
scripts from the moming-loop genes (PRR9Y, PRR7, 
CCAI, and LHY) was significantly reduced in 
TOC1-ox (Fig. 2, I and J, fig. S7, and table S7). 
This is noteworthy, as TOC1 was previously as- 
sumed to be an activator of CCA/ and LHY ex- 
pression (/6). The reduced expression cannot be 
attributed to the activation of their known re- 
pressors PRR7 and PRR9, as their expression is 
also decreased in TOC1-ox plants. Analysis of 
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Fig. 2. TOC1 binds to the promoters of the oscillator genes and inhibits their expression. ChIP-QPCR 
assays of TMG plants that were sampled every 4 hours over a 24-hour LD cycle are shown. Primers en- 
compassing target sequences obtained in the ChIP-Seq analysis were used to amplify CCA and LHY (A), 
PRR7 and PRR9 (B), Gi and PRR5 (C), or LUX/PCL1 and ELF4 (D). Binding was also examined under LL 
conditions following entrainment in TMG (E and F) and in TOC1-ox plants (G and H). Values are represented 
as means + SEM. Expression profiling of PRR9 (I), PRR7 (J), Gi (K), and ELF4 (L) in WT, TMG, and TOC1-ox 
plants. Gene expression was analyzed in plants grown under LD cycles. mRNA abundance was normalized to 
IPP2 expression. Values represent means + SEM. White shading, day; gray shading, night. 
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the evening loop also revealed gene repression. 
For instance, G/ and ELF4 were reduced around 
dusk (Fig. 2, K and L), and plants expressing the 
LUX promoter fused to LUCIFERASE (LUX::LUC) 
also displayed a reduced promoter activity, par- 
ticularly during the night (fig. S8). In the morning 
loop, oscillator components that are expressed at 
a similar phase repress each other’s expression 
(e.g., CCA1 and LHY) (2, 3). Our results suggest 
that similar regulation occurs in the evening loop, 
where TOC1 might also repress genes expressed 
during the night. The observed function of TOC1 
as a repressor is not likely due to constitutive over- 
expression of TOC1, as we also observed decreased 
oscillator expression in TMG plants (expressing 
TOC! under its own promoter) (Fig. 2, I to L). 

To further confirm the transcriptional repres- 
sing function of TOC1, we generated transgenic 
plants expressing TOC1 fused to the GR domain 
of the glucocorticoid receptor (26). In the absence 
of a steroid ligand, the GR domain retains a nu- 
clear factor in the cytoplasm, but nuclear local- 
ization is restored in the presence of the synthetic 
glucocorticoid dexamethasone (Dex). Treatment 
of TOC1-GR plants with Dex resulted in a reduc- 
tion of CCA/ and G/ expression relative to the 
mock-treated controls (Fig. 3, A and B, and fig. 
S9). Our analysis revealed statistically significant 
differences between TOC1-GR+Dex and the other 
genotypes (+Dex) (Fig. 3, D and E), whereas no 
significant variations were found in WT plants in 
the presence or absence of Dex. We also analyzed 
the effects of TOC1-GR induction by Dex on 
CCA1::LUC activity. The in vivo studies were 
consistent with the reverse transcription QPCR 
data and showed a clear reduction of CCA/::LUC 
luminescence in Dex-treated plants (Fig. 3C). 
To further address the repressing function of 
TOC1, we examined CCA/ expression in TOC1- 
GR plants treated with Dex in the presence or 
absence of the protein synthesis inhibitor cyclo- 
heximide (CHX). Our results showed that CCA/ 
expression was reduced after Dex treatment in 
the presence of CHX (Fig. 3F), indicating that 
CCA] repression does not require de novo pro- 
tein synthesis. We also used the previously de- 
scribed induction of TOC] by the plant hormone 
abscisic acid (ABA) (20). We analyzed TOC] 
induction by ABA and, in parallel, we examined 
CCA] and PRR9 expression. The results showed 
that the induction of TOC/ was accompanied by 
a concomitant reduction of CCA/ and PRR9 ex- 
pression (Fig. 3, G to I). Together with the results 
from toc] mutant plants (Fig. 4), our studies in- 
dicate that, in contrast to its previously assigned 
activating role, TOC1 functions as a repressor of 
oscillator gene expression. 

The repressive function of TOC! provides an 
explanation for recently published experimental 
data that cannot be reconciled with an activating 
role for TOC1. For instance, analysis of zl mu- 
tant plants, with increased TOC1 accumulation 
(17), revealed a reduced expression of LHY and 
CCA] (27), which is not consistent with TOC1 
activating function. The data also showed low 
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abundance of PRR9 and PRR7 expression (27). 
Thus, the reduced expression of LHY and CCA1 
cannot be attributed to increased abundance of 


their inhibitors. To clarify TOC1 function in the 
clock, we examined oscillator gene expression 
in TOC1 RNA interference (RNAi) and toc/-2 
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Fig. 3. Effects of TOC1 transient induction on oscillator gene expression. Analysis of CCA (A) and Gi (B) 
in WT and TOC1-GR plants mock-treated or treated with 5 uM dexamethasone (+Dex). Seedlings were 
treated at ZT10, and samples were analyzed at the indicated ZT. (C) Analysis of CCA1::LUC luminescence in 
TOC1-GR seedlings under 8-hours light/16-hours dark cycles. Luminescence was recorded 24 hours after 
the seedlings were transferred to a medium containing 5 uM of Dex. Data are presented as means + SEM 
of luminescence signals from six to seven independent plants. (D to F) Comparisons of CCAZ expression in 
TOC1-GR plants mock-treated or treated with 5 uM of Dex at ZT10 and analyzed at ZT21 and 2723 in the 
absence (-CHX) or presence (+CHX) of 50 1M of cycloheximide. The statistical relevance of the differences 
is presented (*P < 0.05; **P < 0.01; ***P < 0.001). (G to I) Time-course analysis of TOC1, CCA1, and PRR9 
expression over the diurnal cycle in TMG plants in the presence or absence of the hormone ABA. Seedlings 
were sprayed with 100 uM (+) ABA at ZT5. The y axes of the CCAZ and PRR9 graphs were divided into 
segments so that repression at trough can clearly be observed. White shading, day; gray shading, night. 


Fig. 4. Gene expression analysis in 
TOC1 RNAi plants. Analysis of LHY 
(A) and PRR7 (B) expression under 
12-hours light:12-hours dark con- 
ditions. Gene expression analysis of 
PRR9 (C) and G/ (D) during the 
night in TOC1 RNAi under 12-hours ai j 
light/12-hours dark conditions. Val- Se Oe ee eae a" ee 
ues are represented as means + SEM. c D 
Analysis was performed as described 
in the SOM. Schematic diagrams de- 
picting the waveform of CCAI/LHY 
expression and the different waves of 
PRRs repression. Schemes depict the 
regulations in the wild type (black 
line) (E), foc2 mutant (blue line), (F) Stat ” wee” 
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mutant plants grown under LD cycles. Our re- 
sults showed an advanced phase for LHY expres- 
sion at the onset of transcription (Fig. 4A and fig. 
S10), suggesting that the absence of TOC] alle- 
viates the repression normally observed in WT 
plants around dusk. The advanced phase of LHY 
expression correlated with a slight increase of 
PRR7 (Fig. 4B and fig. S10). These results sug- 
gest that TOC1 temporally extends the repressing 
function of the other sequentially expressed PRR 
inhibitors (Fig. 4E) (28). The absence of TOC1 
in toc/ mutant plants shortens the duration of this 
repression, and as a consequence, the onset of LHY 
transcription is advanced (Fig. 4F). The effects on 
the trough of LHYare subtle, most likely because 
the expression of other CC4//LHY repressors 
is also increased (Fig. 4, C and D). In TOC1-ox, 
the abnormally high expression of TOC! during 
the day reveals its repressing function at times 
when TOC1 is not normally expressed (Fig. 4G). 
Altogether, our studies support the repressing func- 
tion of TOC] on oscillator gene expression, which 
changes the regulatory circuit at the core of the 
Arabidopsis circadian clock (fig. S11). 

Conclusions about the circadian transcrip- 
tional networks are complicated by the existence 
of multiple feedback loops and gene redundan- 
cies. Our study shows the complex and dynamic 
function of TOC! as a regulator of oscillator gene 
expression, with a repressing activity of the morn- 
ing and evening loops. Binding of TOC! to the 
promoters of the oscillator genes may antagonize 
transcriptional activation around the time of peak 
expression. The mechanisms of oscillator gene 
activation are largely unknown, but chromatin 
remodeling and light-dependent regulation may 
play key roles at defined times of day. The chal- 
lenge remains now to identify the mechanisms 
and components responsible for the activation of 
oscillator gene expression. 
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A Major Genome Region Underlying 
Artemisinin Resistance in Malaria 
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Evolving resistance to artemisinin-based compounds threatens to derail attempts to control 
malaria. Resistance has been confirmed in western Cambodia and has recently emerged in 
western Thailand, but is absent from neighboring Laos. Artemisinin resistance results in reduced 
parasite clearance rates (CRs) after treatment. We used a two-phase strategy to identify genome 
region(s) underlying this ongoing selective event. Geographical differentiation and haplotype 
structure at 6969 polymorphic single-nucleotide polymorphisms (SNPs) in 91 parasites from 
Cambodia, Thailand, and Laos identified 33 genome regions under strong selection. We 
screened SNPs and microsatellites within these regions in 715 parasites from Thailand, 
identifying a selective sweep on chromosome 13 that shows strong association (P = 10~° to 
10772) with slow CRs, illustrating the efficacy of targeted association for identifying the 


genetic basis of adaptive traits. 


rtemisinin-based combination therapies 
Acs are the first-line treatment in 

nearly all malaria-endemic countries (/) 
and are central to the current success of global 
efforts to control and eliminate Plasmodium fal- 
ciparum malaria (2). Resistance to artemisinin 
(ART) in P. falciparum has been confirmed in 
Southeast Asia (3), raising concerns that it will 
spread to sub-Saharan Africa, following the path 
of chloroquine and anti-folate resistance (4). 
ART resistance results in reduced parasite clear- 
ance rates (CRs) after treatment (Fig. 1A) and is 
principally due to parasite genetics, which de- 
termines 58 and 64% of the variance in parasite 
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CRs in western Cambodia and western Thailand, 
respectively (5, 6). The resistance mechanism is 
unknown, but reduced killing of “ring’’-stage par- 
asites (7) and quiescence have been implicated 
(8). The genetic basis is likely to be simple. A 
single mutation in the ubp1 gene confers ART 
resistance in the P. chabaudi mouse malaria model 
(9). Similarly, resistance to other antimalarials in 
P. falciparum involves single major-gene effects 
or is oligogenic (/0). 

Cross-population genomic comparisons offer 
a means to identify putative targets of natural 
selection (//—/4). Targeted association analyses 
of genome regions under selection can then be 
used to directly identify the genetic basis of adapt- 
ive traits (13, 74), minimizing the multiple-testing 
penalties constraining standard genome-wide 
association studies. We compared three neigh- 
boring Southeast Asian P. falciparum populations 
(in Laos, Thailand, and Cambodia) with low lev- 
els of genetic differentiation (Fig. 1B), but differ- 
ences in CRs after ART treatment (Fig. 1C), to 
detect recent selective sweeps that may underlie 
resistance. Parasites from Laos are cleared rapid- 
ly (5) [median —log(CR) = 1; half-life of parasite 
decline = 2 hours], parasites from western Cam- 
bodia clear slowly [median —log(CR) 2.15, half- 


life 6 hours], and parasites from western Thailand 
show a wide range of clearance [median —log(CR) 
1.4, half-life 3 hours]. CR distributions are sig- 
nificantly different between all locations (Thai- 
Cambodia, D = 0.58, P < 0.001; Thai-Laos, D = 
0.68, P < 0.001; Cambodia-Laos, D = 0.93, P < 
0.001; two-sided Kolmogorov-Smimovy test). 

We genotyped 91 genetically unique single- 
clone parasites (27 from Laos, 30 from Cambo- 
dia, and 34 from Thailand) by hybridization to a 
custom Nimblegen genotyping array that scores 
single-nucleotide polymorphisms (SNPs) [1 SNP 
per 500 base pairs (bp)] and copy number 
variation (CNV) (/6, 17). Principal-components 
analysis (PCA) and global fixation indices (Fsr) 
confirmed low but significant differentiation be- 
tween the three populations (Fig. 1, B and D). 
We characterized CNV across the three pop- 
ulations, identifying 78 common CNVs [minor 
allele frequency (MAF) > 5%] containing 209 
genes (/7). 

For each SNP (MAF > 5%, 1 = 6969), we cal- 
culated two statistics to identify genome regions 
under strong selection for our three populations, 
measuring differentiation in haplotype structure 
[XP-EHH (/8)] and allele frequency (Fsr) and 
classifying selected regions using a 10-kb sliding 
window approach (/7) (Fig. 2 and fig. S1). Thirty- 
three nonoverlapping regions, comprising 2.4% 
of the 23-Mb genome, showed evidence for 
selection (top 1% of genome-wide values in 
both tests) in one or more populations and were 
ranked by the proportion of significant tests 
(table S1). 

Known antimalarial resistance genes ac- 
counted for 10 out of 33 (10/33) genome regions. 
Three genes (pfcrt, dhps, and dhfr) were iden- 
tified directly, whereas G7P-cyclohydrolase I showed 
evidence of selection within 5 kb (Fig. 2B). pfmdr1 
was not identified, most likely because the am- 
plicon containing pfmdr1 has multiple origins 
(79). An additional 23 genome regions showed 
strong signatures of selection (table S1 and fig. 
S1). Three regions, on chromosomes (chrs) 6, 13, 
and 14, were significant at multiple adjacent win- 
dows and ranked eighth, first, and second, respec- 
tively (table S1 and Fig. 2C). We did not observe 
evidence for selection at two proposed candidate 
loci, afpase6 (Fig. 2A) (20) or Part (21). Two 


www.sciencemag.org SCIENCE VOL 336 6 APRIL 2012 


Downloaded from www.sciencemag.org on April 5, 2012 


REPORTS 


80 


CNVs showed strong differentiation (F’s7> 0.4). A 
chr-12 CNV containing G7P-cyclohydrolase I 
(Fsr = 0.6; Thailand versus Laos) is driven by 
anti-folate treatment (22); whereas a deletion of 
surfin4.1 (Fr = 0.51; Cambodia versus Laos) is 
not a strong candidate, because this is present in 
>20% of Lao infections and in African samples. 
The 78 CNVs did not overlap with the 33 regions 
under selection and were not considered further. 

We examined the association of each of these 
33 regions with parasite CRs in an independent 
parasite population. Targeted association allowed 
us to exploit an extensive archive of blood-spot 
DNA samples from Thai patients with detailed 
(6-hourly) CR data. Between 2001 and 2010, 
3202 patients with uncomplicated malaria were 
treated with ART in four clinics on the Thai- 
Burmese border (5). The proportion of parasites 
with slow clearance [—-log(CR) > 1.89] rose from 
<5% in 2001 to >50% in 2010, with resistance 
spreading more rapidly north of Mae Sot as 
compared to the south (Fig. 3A). In 1689 patients 
with available blood spots, we identified (fig. S4) 
all genetically unique infections containing a sin- 
gle parasite clone [n = 715; 417 from the north 
(96 from 2001-2004 and 321 from 2007-2010) 
and 298 from the south (121 from 2001-2004 
and 177 from 2007—2010)]. We genotyped 90 
SNPs targeting the 33 selected regions and 4 
SNPs in atpase6 and pfmdr! (table $2), in addi- 
tion to the 93 genome-wide control SNPs geno- 
typed previously (5, /7). 

There were no associations in 2001-2004 
(Fig. 3B) or at either pfmdr1 or atpase6. Two ad- 
jacent SNPs (14 kb apart) on chr 13 showed strong 
association (P = 5.0 x 10° to 6.5 x 10’, Fishers’ 
exact test) in the north (2007-2010, Fig. 3D). The 
strongest signals of association in the 2007-2010 
southern samples lay adjacent to these SNPs 
(Fig. 3C). Quantile-quantile plots indicate mod- 
erate inflation of association P values (inflation 
factor = 1.24 to 1.27, fig. S2), but the two SNPs 
remain significantly associated after adjustment 
for this inflation. 

We fine-mapped this region using 19 micro- 
satellite markers spanning 550 kb surrounding 
the strongest association signal in 417 northern 
Thai, 88 Lao, and 83 Cambodian parasites. Four 
microsatellites spanning ~35 kb showed strong 
association with CR (P= 2.8 x 10° to 6.6 x 10°”; 
7 test) in 2007-2010 but no association in 2001— 
2004 (Fig. 4A). This analysis uses a threshold to 
define “resistant” parasites. Reanalysis of quantita- 
tive CR data using a general linear model (23) con- 
firms the results of the categorical y” test (P= 1.1 x 
10° to 1.6 x 107°), and use of a more stringent 
threshold [-log(CR) > 2.19] for defining resistance 
boosted maximal significance to P= 9 x 10 '°. 
Alleles at the marker showing maximal associa- 
tion show a threefold difference in CR (Fig. 4D). 

Assuming a recent selective sweep, we ex- 
pected reduced allelic variation in Cambodia and 
Thailand relative to Laos. We observed maximal 
diversity reduction in Cambodia [expected het- 
erozygosity (H.) = 0.24 + 0.07 (1 SD)] at eight 


markers spanning 105 kb (Fig. 4B). In contrast, 
diversity is high across this region in Laos (H, = 
0.79 + 0.17 SD), whereas Thai parasites showed 
intermediate levels of diversity (H, = 0.63 + 
0.09 SD). There was no separation between 
highly resistant and sensitive parasites, perhaps 
due to multiple origins of resistance alleles or 
evolution from standing variation (24). Analy- 
sis of haplotype structure provides strong 
evidence for recent selection in Thailand (Fig. 
4C). Extended haplotype homozygosity (EHH) 
decays to background levels (0.05) over 99 kb 
(range = 24 to 190 kb) in sensitive [—log(CR) < 
1.3] parasites, whereas in resistant [-log(CR) > 
1.89] parasites, decay to background levels is 
over 375 kb (range = 140 to >550 kb). Permu- 
tation testing reveals this difference to be highly 
significant (P = 0.0003, (7) and fig. S5). 

Using a general linear model (23), we es- 
timated that 22.5% of the variation in CRs was 
determined by this region in 2007-2010. Given 
the heritability of CR in this population [64% 
(5)], we conservatively estimate that this locus 
explains at least 35.2% (22.5/64) of the heritable 
component of CR, suggesting that it is a major 
determinant of ART resistance. 

Within this 35-kb region there are multiple 
candidate ART-resistance genes (table S4). These 
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include the genes encoding lipoate synthase (lip- 
oic acid salvage/biosynthesis), aminomethyl- 
transferase (glycine cleavage pathway), and heat 
shock protein 70 (stress response/molecular 
chaperone). We sequenced the coding regions 
of six of the seven genes (18,747 bp) in 8 Lao, 8 
Cambodian, and 24 to 31 Thai parasites (fig. S3). 
Six nonsynonymous, derived mutations in 3/6 
genes are at high frequency in ART-resistant pop- 
ulations including SNPs 1 and 2 (Fig. 3F and 
table S4). However, these were present in parasites 
from Southeast Asia before the origin of ART 
resistance, suggesting that they are associated 
with but do not directly underlie CR and that non- 
coding regulatory mutations may be involved. 
Analysis of transcriptional changes in resistant 
lines offers a means to further prioritize genes 
for follow-up. Three genes within the region show 
significant changes in transcript levels during at 
least one life-cycle stage in ART-resistant lines 
profiled in a recent transcriptomic study (25) 
(table S4). 

The spread of ART-resistant parasites would 
be catastrophic for malaria control. We have shown 
that a strongly selected region on chr 13, containing 
several candidate genes, explains a large proportion 
of variation in CR. Future functional dissection of 
loci within this region will be dependent on the 
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Fig. 1. Phenotypic and genetic differentiation between Southeast Asian parasites. (A) Patterns of parasite 
clearance from two Thai patients (black, slow CR; red, fast CR) after treatment. (B) F>7 between locations 
for 5662 SNPs with MAF > 5%. (C) Clearance half-lives from Laos (blue, n = 44 patients), Cambodia (red, 
n= 64), and Thailand (black, n = 3202). (D) PCA of parasites; 1770 SNPs were used, with MAF >5% and 
no missing data. PC1 and -2 are the first two principal components of the data. 
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Fig. 2. Evidence for selection. Plots show F.7 and XP-EHH for A B 

each SNP (n = 6969) in a pairwise comparisons of countries. Chr 1 atpase6 knownidrug resistance genes 
Dashed lines represent the 1% level from the genomic empir- pee 

ical distribution. Significant windows are shown by black bars 
above each plot. Red, Cambodia versus Laos; blue, Thailand ' Cambocia-Thalland 
versus Laos; black, Cambodia versus Thailand. (A) Chr 1. There 
is no evidence of selection surrounding atpase6. (B) Patterns of 
selection surrounding five known drug-resistance genes 
(marked by arrows). (C) Three loci putatively under selection. 
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Fig. 4. Fine mapping using 19 microsatellites. (A) Association P values from the early (2001-2004, red dots) 
and late (2007-2010, black dots) periods in the northern Thai population. The Bonferroni correction threshold 
is shown by a horizontal dashed line. (B) Comparison of H, in Thailand, Laos, and Cambodia. (C) EHH 
surrounding a microsatellite (position 1,763,950) in slow-clearing (half-life >4.6 hours) and fast-clearing 
(half-life <2.3 hours) parasites. (D) Phenotypic distribution at this locus in 2007-2010 (P = 4 x 10°). 
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Extrachromosomal MicroDNAs 
and Chromosomal Microdeletions 
in Normal Tissues 


Yoshiyuki Shibata,?* Pankaj Kumar,?* Ryan Layer,’ Smaranda Willcox, Jeffrey R. Gagan,? 
Jack D. Griffith,? Anindya Dutta?t+ 


We have identified tens of thousands of short extrachromosomal circular DNAs (microDNA) in mouse 
tissues as well as mouse and human cell lines. These microDNAs are 200 to 400 base pairs long, are 
derived from unique nonrepetitive sequence, and are enriched in the 5’-untranslated regions of genes, 
exons, and CpG islands. Chromosomal loci that are enriched sources of microDNA in the adult brain are 
somatically mosaic for microdeletions that appear to arise from the excision of microDNAs. Germline 
microdeletions identified by the “Thousand Genomes” project may also arise from the excision of 
microDNAs in the germline lineage. We have thus identified a previously unknown DNA entity in mammalian 
cells and provide evidence that their generation leaves behind deletions in different genomic loci. 


ingle-nucleotide polymorphisms and copy- 
number variations are known sources of 
genetic variation between individuals (/—5), 


but there is also great interest in variations that 
arise during generation of somatic tissues like the 
mammalian brain, leading to genetic mosaicism 


between somatic cells. To identify sites of intra- 
molecular homologous recombination during brain 
development, we searched for extrachromosom- 
al circular DNA (eccDNA) derived from excised 
chromosomal regions in normal mouse embry- 
onic brains. 

We purified eccDNA from nuclei of embry- 
onic day 13.5 (ED13.5) mouse brain and removed 
linear DNA by digestion with an adenosine S’- 
triphosphate (ATP)—dependent exonuclease (6) 
(fig. S1, table S1, and SOM methods). Multiple 
displacement amplification (MDA) with random 
primers (7, 8) enriched circular DNA by rolling- 
circle amplification. The linear products of MDA 
were sheared to 500-base pair (bp) fragments 
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and cloned into a plasmid, and clones were se- 
quenced. Out of 93 clones, 73 contained direct 
repeats of several hundred base pairs (fig. S2), as 
would be expected from rolling-circle amplifi- 
cation of circles that are a few hundred base pairs 
long. Only one copy of the repeat sequence was 
present in the mouse genome (figs. S2 and S3), 
indicating that the direct repeats were derived from 
unique nonrepetitive DNA in the genome and 
could have been generated by rolling-circle ampli- 
fication of a circularized form of genomic DNA. 

Three sequences that appeared more than 2 
times in the 73 clones were chosen to confirm the 
circular nature of the extrachromosomal DNA 
before any MDA. Outward-directed primers yielded 
polymerase chain reaction (PCR) products from 
10% of total extrachromosomal DNA (without 
any MDA), but not from linear genomic DNA 
for two out of the three sequences (Fig. 1A). The 
PCR products from outward-directed primers had 
the same junctions as seen between repeats in the 
MDA products of the extrachromosomal DNA 
(Fig. 1B). These results are consistent with the 
circularization of linear genomic DNA to produce 
eccDNA. 


To determine the number, size, nature, and 
source of these short eccDNA sequences, we iso- 
lated eccDNA from ED 13.5 mouse brain, heart, 
and liver, adult mouse brain, mouse (NIH3T3), 
and human (HeLaS3 and U937) cell lines (table 
S1). After MDA of the eccDNA, ~500-bp frag- 
ments of the amplified DNA were subjected to 
paired-end sequencing. As a negative control, 
chromosomal DNA from embryo mouse brain 
nuclei was treated in a manner identical to that for 
treatment of the eccDNA fraction. We also ex- 
amined eccDNA fraction from Saccharomyces 
cerevisiae by exactly the same procedure (SOM 
text). Circular DNAs were identified by two dif- 
ferent algorithms that were dependent on the 
identification of junctional tags created by the 
circularization (fig. S4 and SOM methods). Tens 
of thousands of unique sequences in the genome 
were identified as yielding eccDNA (table S2), 
and their total yield was 0.1 to 0.2% by weight of 
chromosomal DNA in normal tissue. By contrast, 
the negative control mouse chromosomal DNA 
yielded only 114 circles, all arising from con- 
tamination by extrachromosomal DNA, because 
the same circles were abundant in the ecc libraries. 


REPORTS 


No circles were detected in the S. cerevisiae 
extrachromosomal DNA. 

The circular DNA from mouse tissues and 
cell lines were 80 to 2000 bp long, although 
>50% were in the 200- to 400-bp range, with 
clear peaks in the brain and liver at ~200 and 
~400 bp (Fig. 1C). In the two human cancer cell 
lines, where we identified many more circular 
DNAs, the length distribution also peaked at 200 
and 400 bp but had additional peaks with a pe- 
riodicity of 150 bp (Fig. 1C). The circular DNAs 
were uniquely mapped to the genome and were 
not derived from repetitive sequences. These DNAs 
were therefore different from previously reported 
eccDNAs that were a few hundred to millions of 
bases long and derived from chromosomal repet- 
itive sequences, intermediates of mobile elements 
or viral genomes (9—//). On the basis of their small 
size and derivation from unique genomic sequence, 
we named this family of DNA “microDNA.” 

To detect the 200- to 400-base-long micro- 
DNAs in cells by a fourth method, we directly 
examined by electron microscopy the eccDNA 
fraction from mouse brain, after exonuclease di- 
gestion but without rolling-circle amplification. 
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Fig. 1. Tiny circular DNA sequences are detected in the extrachromosomal 
DNA fraction. (A) Outward-directed PCR primers (Out) amplified DNA 
fragments from extrachromosomal DNA (E), but not from genomic DNA 
(G). DNA was amplified by inward-directed PCR primers (In) from both E 


and G. (B) Sequencing of fragments amplified by Out primers on ex- 
trachromosomal fraction. Underlined sequences indicate primers. Junctions between red and blue sequences were the same as that observed in clones in fig. 52. 
(C) Length distribution of microDNAs from various tissues and cell lines. The library abbreviations are explained in SOM. (D) Electron microscopy (EM) of double- 
stranded microDNA examined by the cytochrome c drop-spreading method (28) (50 nm = 150 bp). (E) EM of single-stranded microDNA after binding with the T4 


www.sciencemag.org SCIENCE VOL 336 6 APRIL 2012 


83 


Downloaded from www.sciencemag.org on April 5, 2012 


REPORTS 


Double-stranded microDNAs that are several 
hundred bp long were easily detected (Fig. 1D and 
fig. S5, A and B). We also found single-stranded 
microDNA visualized after the treatment of 
DNA by single-stranded DNA binding protein, 
gp32 (Fig. 1E and fig. S5, A and B). The double- 
and single-stranded microDNAs were equiva- 
lent in number. More than 98% of the circular 
DNA from mouse brain was small (<1 kb) (SOM 
text), making this the dominant population of 
eccDNA in normal somatic tissue. 

Thus, PCR with outward-directed primers 
(Fig. 1, A and B) or electron microscopy (Fig. 1, 
D and E) on extrachromosomal DNA fraction 
without MDA confirmed the presence of short 
circles that were revealed by Sanger sequencing 
(figs. S2 and S3) or ultrahigh-throughput sequenc- 
ing (Fig. 1C and fig. S4) of MDA products. 

The sources of the microDNAs from the em- 
bryo mouse brain (EMB1) were highly enriched 
in genic regions, especially 5’ regions of genes, 
exons, and CpG islands (Fig. 2A). A similar trend 
was also observed in microDNA from other mouse 
tissues and mouse and human cell lines (fig. S6). 
Furthermore, the 55% GC content of microDNAs 
is higher than the 50% GC content of the imme- 
diate upstream or downstream flanking regions 
and the 45% GC composition of the entire ge- 
nome (Fig. 2B and figs. S7 and S8). The starts 
and ends of the circles revealed 2- to 15-bp direct 
repeats of microhomology (Fig. 2C and fig. S9). 
In the EMB1 library, 37% of the microDNA has 


this microhomology, whereas in the random model 
(SOM methods), <3% of the shuffled microDNAs 
had microhomology of =2 bp near the ends 
(P < 0.0001) (Fig. 2D). Direct repeats were sim- 
ilarly present at the ends of the microDNA from 
all mouse tissues and human cell lines (Fig. 2D). 

The lengths of microDNAs from cancer cell 
lines show a pronounced periodicity of 150 bp 
(Fig. 1C), consistent with the possibility that 
nucleosome wrapping of DNA may contribute 
to microDNA generation. In addition, although 
microDNAs are rich in GC content, AA, AT, or 
TT dinucleotides were found along the length of 
many circles with a periodicity of 9 to 11 bp (ex- 
ample in Fig. 2E). GC richness periodically punc- 
tuated by AA, AT, or TT dinucleotides is a feature 
of sequences preferentially assembled into nucleo- 
somes (/2, 13). Around 50 to 60% of microDNAs 
in the different libraries overlapped by >15 bases 
with 25-nucleotide tags marking the locations of 
positioned nucleosomes determined in the mouse 
liver (4) (Fig. 2E and fig. $10) (P< 0.001 in “?” 
test from random distribution). 

The features of these microDNAs are com- 
pletely different from those of the sequences ob- 
tained from chromosomal DNA, suggesting that 
the specific characteristics of microDNA are not 
an artifact of random sampling of cellular DNA 
by high-throughput sequencing (fig. S11, a to c, 
and SOM text). 

Cells that release a double-stranded circular 
DNA may be expected to suffer a microdeletion 


Fig. 2. Properties of A 
the loci that give rise to 
microDNAs. (A) Enrich- 
ment of microDNAs ob- 
served in the indicated 
genomic region relative to 
the expected percentage 
based on random distribu- 


Fold enrichment 
= yu w 
So So oO 


o 


Cc 


tion. (B) Distribution of GC 
composition in microDNAs 
in the EMB1 library and 
their up- and downstream 
regions (of same length 
as microDNA). Vertical line: 


Exon iil 


Genic il 
Intron 


Intergenic | 


SUR 


chr5:132,013,273-132,013,588 
ectcccccggCAGGCACTCA... 

1) 

Qa. 

Oo 


in the source genomic locus. A search for such 
microdeletions is complicated by the likelihood 
that different cells will yield different micro- 
DNAs, so that a tissue will be mosaic for mi- 
crodeletions. We therefore selected two genomic 
loci that yielded microDNAs in multiple brain 
libraries. One was 20 kb at the 5’ end of the 
KCNK3 gene in chromosome 5 (30,890,697 to 
30,910,805, NCBI37/mm9) enriched by PCR 
(Fig. 4B), and another was 160 kb on chromo- 
some 10 (80,213,587 to 80,372,454, NCBI37/ 
mm9) enriched by Anchored ChromPET (/5). 
The strategy for finding microdeletions in the 
selected loci is given in Fig. 3A and the SOM 
methods. A total of 30 deletions were detected 
(23 from the KCNK3 locus and 7 from the chro- 
mosome 10 locus) (Fig. 3A and fig. $13). Direct 
repeats were observed at both ends of 25 of the 
30 microdeletions (Fig. 3B and fig. S13). The GC 
composition, length distribution, and AA, AT, or 
TT periodicity of the microdeletions were also 
similar to those observed for the microDNA (Fig. 
3C and figs. S12 and S13). The results suggest 
that microdeletions occur in an average of 1 in 
2000 chromosomal DNA molecules (SOM text) 
at susceptible genomic loci in somatic tissues, 
giving rise to genetic variability between indi- 
vidual normal somatic cells. 

The widespread occurrence of microDNAs led 
us to consider whether microdeletions in germ- 
line sequence could also result from the excision 
of microDNAs. Indeed, the germline deletions of 
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mouse liver (14). Obs: observed overlap with nucleosome-occupied DNA; Exp: expected 
overlap of 1000 randomizations of each microDNA in the library (P < 0.0001). A similar enrichment is seen with other microDNA libraries (fig. $10). 
Right: Sequence of a microDNA with A/TA/T periodicity. 
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4 i EMB EMB AMB EMH EML NIH HeLau937 RM 


3T3 


AGGGAAGGGGGAGAAATCAACTTTCCC 
ACAATCCTACAACTATTCAAAAAGCTT 
AGTGGGAGGTACAGGAGGTGGAAGCAC 
GGTGCCTTCTTATCACAAGCAGCTCTT 
TCGACAAGCCTCTTCGTGCTTCTCTAA 
GCTTTTTGAATAGTTGTAGGATTGTGG 


Exp GAAAGTTGATTTCTCCCCCTTC 
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<1000 bp reported in the Thousand Genomes proj- 
ect (/6) had features similar to that of microDNAs 
(Fig. 4, A to D, and SOM text). Briefly, the germ- 
line microdeletions peaked in length at 100 and 


350 bp; were enriched in exons, 5’-untranslated re- 
gions (5'UTRs), and CpG islands; were rich in GC 
content; and had a high frequency of short direct 
repeats flanking the deleted fragments. This close 


REPORTS 


overlap between the nature of the sequences lost 
in germline microdeletions and the microDNAs 
reported here suggests that these deletions are also 
generated by the excision and loss of microDNAs. 
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Fig. 3. Microdeletions in genomic loci known to yield microDNAs. (A) 
Algorithm for finding microdeletions in genomic DNA. Details are in the 
SOM. (B) Microdeletions found in the KCNK3 locus. DNA spanning the 
indicated locus was amplified from 200,000 copies of 6-month-old 
mouse brain genomic DNA, and paired-end-sequenced. White square is 
KCNK3 exon1, and solid line is KCNK3 intron1. Blue squares are 
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study. (C) Direct repeats observed near the junctions of microdeletions. 
(D) GC composition of the microdeletions identified in the two loci. The 
deleted sequences were rich in GC content compared to the genomic 
average of 46%. 


Fig. 4. Germline deletions of <1000 bp in the 
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Unlike formerly described eccDNA (9-/1), 
microDNAs are small, map to unique DNA se- 
quence, and arise from genes. Very short direct 
repeats at the starts and ends of microDNAs sug- 
gest that fork stalling or template switching dur- 
ing replication repair or microhomology-mediated 
repair may produce microDNAs. Circularization 
of microDNAs could be facilitated by the wrap- 
ping of DNA around positioned nucleosomes. 
The known correspondence of positioned nucleo- 
somes with 5’ ends of genes could explain the 
enrichment of microDNAs from the 5’ ends of 
genes. MicroDNAs could also originate as dis- 
placed Okazaki fragments from replication forks 
collapsed at strongly bound nucleosomes or GC- 
rich DNA. Single-stranded microDNAs may arise 
from such ligated Okazaki fragments, from de- 
letion of excess DNA produced by replication 
slippage, or from nuclease digestion of nicked 
double-stranded circles. However, the micro- 
deletions detected in genomic loci most likely 
arise from excision of double-stranded circles. The 
generation of microDNAs and microdeletions 
may produce a large pool of individual-specific 
or somatic-clone-specific copy-number variations 


of small segments of the genome. The genetic 
mosaicism in somatic tissues may lead to func- 
tional differences between cells in a tissue. Fi- 
nally, persistent microDNAs may provide the 
extrachromosomal genetic “cache” that has been 
postulated to account for non-Mendelian genetics 
in plants (/7). 
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A Lineage of Myeloid Cells 
Independent of Myb and 
Hematopoietic Stem Cells 
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Macrophages and dendritic cells (DCs) are key components of cellular immunity and are thought 
to originate and renew from hematopoietic stem cells (HSCs). However, some macrophages develop 
in the embryo before the appearance of definitive HSCs. We thus reinvestigated macrophage 
development. We found that the transcription factor Myb was required for development of HSCs 
and all CD11b™2" monocytes and macrophages, but was dispensable for yolk sac (YS) macrophages 
and for the development of YS-derived F4/80°"9" macrophages in several tissues, such as liver 
Kupffer cells, epidermal Langerhans cells, and microglia—cell populations that all can persist in 
adult mice independently of HSCs. These results define a lineage of tissue macrophages that derive 
from the YS and are genetically distinct from HSC progeny. 


can give rise to macrophages in verte- 

brates (J, 2). In mice, macrophages de- 
velop in the yolk sac (YS) from embryonic day 8 
(E8) (3). In contrast, definitive hematopoietic 
stem cells (HSCs) appear within the hematogenic 
endothelium of the aorto-gonado-mesonephros 
region (4—6) at E10.5 (6) and migrate to the fetal 
liver where they expand and differentiate starting 
from E12.5 (2). Macrophages and dendritic cells 
(DCs) are present in all tissues and are critical 
effectors and regulators of immune responses. A 
large number of these cells, including classical 
DCs, plasmacytoid DCs and monocytes, originate 
from HSCs and are replaced continually from a 
macrophage and DC precursor (7, 8). However, 


T= different types of hematopoietic cells 


bone marrow (BM) transplantation leads to rela- 
tively inefficient replacement of tissue macro- 
phages. Classical studies have proposed a dual 
origin for tissue macrophages, with half of the 
population being renewed from circulating pre- 
cursors, and the other half from local production 
(9). More recently, mutations in GATA2 (10) and 
IRF8 (11) have been associated with profound de- 
fects in BM-derived monocytes and DCs, whereas 
many tissue macrophages were unaffected (//, /2). 
Liver Kupffer cells (73), epidermal Langerhans cells 
(14, 15), microglia (16, 77), and pleural macro- 
phages (/8) were shown to be able to proliferate 
and renew independently from the BM. 
Self-renewal or independence from the BM 
does not preclude the initial development of ma- 


crophages from HSCs. However, the hypothesis 
that the myeloid lineage may be split into cells 
originating from the YS and from HSCs has been 
raised (19). Recent fate-mapping studies in 
Runx1M@®reMER embryos resulted in labeling 
of 30% of the microglia (/7) but also of 10% of 
HSCs (20). Thus, the respective contribution of 
YS and HSC to the macrophage pools remains 
unclear. 

We first reexamined the kinetics of myeloid 
cell development using Cx3cr/2”” (green fluores- 
cent protein, GFP) reporter mice (3, 27). CD45" 
CX3CRI°"" F4/go°"s"" YS-derived macro- 
phages circulated in the blood and colonized the 
developing mouse embryo between E9.5 and 
E10.5, starting with the cephalic area (Fig. 1A 
and figs. S1 and S2). By E10.5, YS-derived 
macrophages were proliferating and detected in 
most tissues (Fig. 1B and figs. S1 and $2). 
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Throughout development, CD45" CX3CR1°"2"" 
F4/80°"8" cells remained detectable in tissues 
(fig. S1). From E12.5 onwards, at the time when 
fetal liver hematopoiesis is active, a novel popula- 
tion of CD45* CX3CRI" cells appeared expressing 
low levels of F4/80 (F4/80°°’) but high CD11b 
(CD11b"*") (fig. S1). 

The transcription factor PU.1 is required for 
the development of macrophages (22, 23) but is 
dispensable for the development of HSCs (24). In 
contrast, Myb is dispensable for YS myelopoiesis 
although it is required for the development of 
HSCs (25-27). We therefore used deletion of 
Myb and Pu./ in mice to determine the contri- 
bution of YS to macrophage lineages. 

F4/80° CD11b* macrophages were absent 
from the YS of Pu.J’ embryos, whereas they 
developed in normal numbers in E10.5 Myb 
YS (Fig. 1C). In addition, Myb‘” fetal liver 
lacked all Kit’ cells, including Kit" CD45" hem- 
atopoietic precursors at E14.5 and E16.5, where- 
as CD11b’ and F4/80" cells were still present (Fig. 
1, D and E, and fig. S3). On the basis of these 
findings, we investigated the development of 
myeloid subsets in the absence of Myb. In Myb 
mice, CD45" F4/80"°” CD11b™2" macrophages 
were largely absent in all organs examined (Fig. 2, 
A and B); however, CD45* F4/80°"2*' CD11b°” 
macrophages developed normally (Fig. 2, A and 
B). They accounted for nearly all of the macro- 
phages found in the skin, spleen, pancreas, kidney, 


E10.5 


SKIN * BLOOD 


YOLK SAC 


—“_ 4/80 


Fig. 1. Myb-independent F4/80* YS macrophages. (A) D 
Flow cytometric analysis of E10.5 YS, skin, and blood 
macrophages in Cx3cr1#”* embryos, gated on CD45* 
cells. YS-derived macrophages (3) are color-gated in blue. 
Representative data from individual embryos, n = 6. (B) 
Expression of Ki67 in £10.5 limb buds CX3CR1-GFP 
macrophages. Scale bar is 20 um, 20x objective. n = 3, 
data from one representative experiment are shown. (C) 
Flow cytometric analysis of YS from Pu.1~~ (n = 5), Pu.1*”— 
(n = 8), Myb (n = 5), Myb*” (n = 7), and their WT 
littermates (n = 3 to 4), at E10.5. Histograms indicate the 
percentage of CD45* cells among live cells (top), and the 
percentage of F4/80* CD11b~ cells among CD45~ cells 
(bottom). Means + SEM, ns, not significant; *P < 0.05 
versus WT. (D) Flow cytometric analysis of E14.5 and E16.5 


B 
CX3CR1-GFP 


and lung of Myb ‘mice at E16.5 (Fig. 2B). In both 
Myb* and Myb*” littermate fetuses, CD45* 
F4/80°"£"* CD11b'” macrophages were located 
in the upper dermis and invaded the developing 
keratin-14° epithelium (fig. S4). Likewise, in 
lung and kidney of wild-type (WT) and Myb 
embryos, F4/80°"8" dendritic-shaped macro- 
phages were located adjacent to collagen IV" tu- 
bular structures, which correspond to developing 
bronchiolar and tubular epithelia, respectively (fig. 
S4). Pancreatic F4/80°"2" macrophages were 
found in close proximity to insulin* B cells (fig. 
S4). F4/80°"2"' macrophages were also found in 
the stroma of liver and spleen (Fig. 1E and figs. 
S4 and $5) (28). In contrast Pu.I’ mice lacked 
all macrophages in all tissues examined (Fig. 2A 
and fig. S5) (22, 23). In the brain, Ibal* F4/80* 
microglia were present at normal density in the 
developing brain of Myb* embryos (fig. $5). 
Our results suggest that Myb was required for 
differentiation of CD45* F4/80'°” CD11b™#" 
monocyte/macrophages, as expected if they de- 
rived from HSCs. In contrast, the development of 
CD45* F4/80°"2"* CD11b'°’ macrophages and 
microglia did not require Myb or functional HSCs 
but was Pu. 1-dependent. 

F4/80°"£"" macrophages were originally de- 
scribed 30 years ago by Gordon and Hume in 
adult mice and developing embryos; these were 
closely associated with epithelia (29), and in- 
cluded epidermal Langerhans cells, liver Kupffer 


Myb** 
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cells, and macrophages of the pancreatic islet of 
Langerhans, kidney interstitial cells, and splenic 
red pulp macrophages (28, 30-32). We thus in- 
vestigated whether the F4/80°"*" cells are related 
to YS macrophages. 

We first analyzed their pattern of gene ex- 
pression (2/). Unsupervised clustering analysis 
of genome-wide expression arrays from E10.5 YS 
macrophages and E16.5 F4/80°"2"" and F4/80'°” 
macrophages indicated coclustering of E10.5 YS 
and F4/80°"£"' E16.5 macrophages, whereas 
F4/80'°°’ macrophages clustered separately (Fig. 
3A). In a supervised analysis, lung, skin, and kid- 
ney E16.5 F4/80°"®" macrophages and YS macro- 
phages shared a common signature of differentially 
regulated genes, distinct from that of E16.5 F4/80°™ 
macrophages (P < 0.05, twofold changes) (Fig. 3B 
and fig. $6). The signatures from Myb ‘and Myb'’* 
F4/30°"e"' macrophages clustered together, which 
indicated that the presence or absence of Myb did 
not affect their gene expression profile at the ge- 
nome level (Fig. 3, A and B). 

A detailed analysis of the YS and F4/30°"=" 
macrophages signature is presented in Fig. 3C. 
The transcription factor Maf that controls macro- 
phage proliferation (33), the chemokine receptor 
Cx3cr1, and the macrophage colony-stimulating 
factor (M-CSF) receptor (Csf7r) were enriched in 
F4/80°"e" and YS macrophages, whereas Gata2, 
which controls monocyte differentiation (/0), 
the chemokine receptor Ccr2, the growth factor 


Yolk-sac, E10.5 
Myb* 


pee 


Pu.1 ~ 
= - 
: in 4 
= 3 
5 2m « 
mul * 
if Ob /+ +f oe 
Pu.1 
0 8° 
0 ie 
| ce 
ves Pe 
a cating Heads aR RT 
~"cD1ib —————> Myb . 


CoCcD45* KIT CD11b EE 


F4/80 Coll IV DAPI 


Fetal Liver o CD45" COt1b* F 
= + + Mi ‘bt 4 
+/+ -/- 
i 10° oe 108 a 100 4 


Fetal Liver 


fetal liver, gated on CD45* cells. Histograms represent the 


percentage of CD45* subsets. Means + SEM from WT (n = 3 and 8), Myb*” (n = 
12 and 4) and Myb~- (n = 3 and 4) embryos at E14.5 and E16.5, respectively. 
(E) Frozen tissue sections from E16.5 livers from Myb and WT littermates 


shown, n = 3). 
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stained for F4/80 (red), collagen IV (green), and 4’,6’-diamidino-2-phenylindole 
(DAPI) (blue). Scale bar is 25 1m, 20x objective (a representative experiment is 
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receptor F/t3 expressed in pluripotent hemato- 
poietic progenitors (34—36), and genes responsible 
for peptide editing and presentation were selec- 
tively expressed by F4/80'” macrophages (Fig. 3C). 

Analysis of 4-week-old Fit3-Cre x Rosa'S'¥F? 
(yellow fluorescent protein, YFP) mice (Fig. 3D and 
fig. S6) indicated that recombination was high in 
blood cells and in F4/80'°” macrophages, but low 
in F4/80°"2" macrophages. This indicated that ex- 
pression of FLT3 remains low in adult F4/80°"*" 
tissue macrophages and suggested that their 
development occurs largely independently of 
FLT3* multipotent precursors. 

Altogether, these data suggested a close de- 
velopmental relation between E10.5 YS macro- 
phages and E16.5 F4/80°™£"' macrophages, 
whereas the F4/80'°” macrophages appeared rel- 
ated to adult hematopoiesis and antigen presen- 
tation. These data also supported the observation 
that the differentiation of F4/80°"*" macrophages 
was not affected by Myb deficiency. Thus, our 
observations suggested a possible YS origin of 
these F4/80°"2™ macrophages. 

We thus devised a fate-mapping strategy to 
address directly the relation between YS pre- 
cursors and F4/80°"2"" macrophages in late em- 


Fig. 2. Myb-dependent and independent tissue 
macrophages in fetuses. (A and B) Flow cytometric 
analysis of the indicated organs at E14.5 and E16.5 
of WT (n = 11 and 6, respectively), Myb*”~ (n = 8 
and 15), Myb* (n = 4 and 4), and Pu.1~" (n = 3 to 5) 
mice, gated on CD45* cells. F4/g0°"9"* CD11b™ 
macrophages are color-gated in blue in dot plots and 
represented by white bars in histograms. F4/80°™ 
CD11b""" macrophages are color-gated in red and 
represented by black bars in histograms. KIT* cells 
(color-gated green) are shown in skin and spleen. 
Histograms represent means + SEM, *P < 0.05 of 
Myb~~ versus WT. 


bryos and adult mice. We first transplanted limb 
buds from E10.5 Cx3cr/2”* mouse embryos 
onto the chorioallantoic membrane (CAM) of E7 
chicken embryos (2/) (Fig. 4A) (37). CAM graft- 
ing should permit the study of murine limb 
development in the absence of a source of HSCs. 
After 12 days of culture on the CAM, limb buds 
gave rise to limb-like structures consisting of a 
stratified epithelium of mouse origin enveloped by 
the chicken chorion. In all cases, CX3CR1* YS 
murine macrophages migrated toward the epithe- 
lium (movie S1) and colonized the epidermis on 
top of the keratin-14" basal keratinocyte layer, a 
feature of Langerhans cells (Fig. 4A and fig. S7). 
In a second, genetic approach, we took ad- 
vantage of the early expression of the receptor 
for M-CSF (CSF1R) by YS macrophages (38) 
to label CSF1R-expressing cells in the YS and 
to follow their progeny in adult mice using 
Csf1"'e Me" reporter mice (39). Pregnant 
CsfrMericreMer’ mice crossed to Rosal’S!-YFP 
received a single intraperitoneal low dose of OH- 
tamoxifen (TAM) (40) together with progesterone 
(41) at E8.5, in order to pulse-label Csf7r- 
expressing YS macrophages in Csf1r "re; 
Rosa‘ S!-¥FP F, embryos between E8.5 and E9. 5 


without terminating the pregnancy (Fig. 4B and 
fig. S8). Analysis of TAM-pulsed Csflr“1C7™; 
Rosa’S/-¥FP F, mice 4 weeks after birth showed 
labeling of F4/80°"*" macrophages in all tissues 
examined: in Kupffer cells and Langerhans cells 
and also in pancreas, lung, spleen, and kidney 
F4/80°"£"' macrophages (Fig. 4B and fig. S8). 
YFP labeling was also present in microglia (fig. 
S9). No YFP expression was detected elsewhere, 
including the typical progeny of adult HSCs, 
such as blood leukocytes, or in tissue CD11b™" 
F4/80'°Y macrophages, and no YFP was detected 
in TAM-treated CsfIr;Rosa’S**"? littermates 
(Fig. 4B). 

To further investigate the role of Myb and of 
HSCs in the maintenance of adult F4/80°"2" mac- 
rophages, we performed conditional deletion of the 
Myb gene in adult Cd45.2;MxI-Cre;Myb!"* 
mice (Fig. 4C and fig. S10) (2/). This resulted in 
arapid loss of blood monocytes and granulocytes 
and successful engraftment of CD45.1 BM cells 
by injection of 10’ Cd45.1;Myb'" BM cells in the 
absence of irradiation or any further conditioning 
regimen (fig. S10). BM chimeras were analyzed 
1 and 3 months after BM rescue. At both time 
points, all monocytes and granulocytes were of 
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donor CD45.1 origin, which indicated complete 
chimerism (Fig. 4C and fig. S10). In peripheral 
tissues, CD11b™2" F4/80'°" macrophages and 
DCs had also been replaced by CD45.1 BM- 
derived cells after 3 months (Fig. 4C). In contrast, 
F4/80°"£"" macrophage subsets remained of the 
host CD45.2 genotype in the liver, epidermis, 
and brain and were not replaced. Only 10% of 
F4/80°"2"' macrophages were of donor origin in 
the pancreas and spleen. In the lung and kidney, 
macrophages were of mixed recipient and donor 
origin, which suggested more heterogeneity of 


and Myb deletion in CD45.2 F4/80°%8*' macro- 
phages was confirmed by genomic polymerase 
chain reaction (fig. S10). 

Taken together, data from fate mapping studies 
indicated that YS-derived precursors give rise 
to populations of Myb-independent F4/80°"s"" 
macrophages and Langerhans cells in mouse 
tissues in the presence of WT HSCs. They persist 
in adult mice independently of HSCs and of Myb 
under homeostatic conditions. In contrast, Myb- 
dependent BM precursors continuously replace 
classical DCs (8) and CD11b"£" F4/80'°” macro- 


these cell populations (Fig. 4C). Recombination 


phages and some F4/8 


gbright 


macrophages, in 
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particular in the kidney and lung, which indicates 
a mixed origin of these populations. These results 
also suggest that deletion of Myb is sufficient to 
ablate adult HSCs in the absence of any other 
conditioning regimen. 

Collectively, our experiments define two line- 
ages of macrophages and DCs in the mouse. 
These data modify the concept of hematopoietic 
“stem cells,” because not one, but two, myeloid 
systems overlap and renew independently in mice. 
As F4/80°"£"' macrophages develop and stay in 
close association with epithelial structures (29), 
these represent a candidate regulator of macrophage 
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homeostasis (/4), together with transcription factors 
such as Maf (33). Of note, the Cd45.2;Mx1-Cre; 
Myb"iCd45.1 BM transplantation model we de- 
scribe here should be useful to dissect the distinct 
functions and molecular wiring of the two myeloid 
systems in the future. 


References and Notes 

. A. Cumano, |. Godin, Annu. Rev. Immunol. 25, 745 (2007). 

. S. H. Orkin, L. |. Zon, Cell 132, 631 (2008). 

. J. Y. Bertrand et al., Blood 106, 3004 (2005). 

. K. Kissa, P. Herbomel, Nature 464, 112 (2010). 

. J. Y. Bertrand et al., Nature 464, 108 (2010). 

. J. C. Boisset et al., Nature 464, 116 (2010). 

. D. K. Fogg et al., Science 311, 83 (2006). 

. K. Liu et al., Science 324, 392 (2009). 

. R. van Furth, M. M. Diesselhoff-den Dulk, J. Exp. Med. 
160, 1273 (1984). 

. A. P. Hsu et al., Blood 118, 2653 (2011). 

. 5. Hambleton et al., N. Engl. J. Med. 365, 127 (2011). 

. V. Bigley et al., J. Exp. Med. 208, 227 (2011). 

. |. Klein et al., Blood 110, 4077 (2007). 

. L. Chorro et al., J. Exp. Med. 206, 3089 (2009). 

. M. Merad et al., Nat. Immunol. 3, 1135 (2002). 

. B. Ajami, J. L. Bennett, C. Krieger, W. Tetzlaff, F. M. Rossi, 
Nat. Neurosci. 10, 1538 (2007). 

. F. Ginhoux et al., Science 330, 841 (2010). 

. S.J. Jenkins et al., Science 332, 1284 (2011). 

. F. Alliot, |. Godin, B. Pessac, Brain Res. Dev. Brain Res. 
117, 145 (1999). 

. |. M. Samokhvalov, N. |. Samokhvalova, S. Nishikawa, 
Nature 446, 1056 (2007). 


WOANKDUNEBWNPE 


PRPPPRPRPR 
DAUBWNHRO 


PPR 
so ON 


N 
Oo 


21. Materials and methods are available as supplementary 
materials on Science Online. 

22. S. R. McKercher et al., EMBO J. 15, 5647 (1996). 

23. R. P. DeKoter, J. C. Walsh, H. Singh, EMBO J. 17, 
4456 (1998). 

24. A. Dakic et al., J. Exp. Med. 201, 1487 (2005). 

25. M. L. Mucenski et al., Cell 65, 677 (1991). 

26. R. Sumner, A. Crawford, M. Mucenski, J. Frampton, 
Oncogene 19, 3335 (2000). 

27. Y. Mukouyama et al., Curr. Biol. 9, 833 (1999). 

28. L. Morris, C. F. Graham, S. Gordon, Development 112, 

517 (1991). 

29. D. A. Hume, V. H. Perry, S. Gordon, Anat. Rec. 210, 

503 (1984). 

30. D. A. Hume, S. Gordon, J. Exp. Med. 157, 1704 (1983). 

31. D. A. Hume, D. Halpin, H. Charlton, S. Gordon, Proc. 

Natl. Acad. Sci. U.S.A. 81, 4174 (1984). 

32. D. A. Hume, A. P. Robinson, G. G. MacPherson, 

S. Gordon, J. Exp. Med. 158, 1522 (1983). 

33. A. Aziz, E. Soucie, S. Sarrazin, M. H. Sieweke, Science 

326, 867 (2009). 

34. J. L. Christensen, |. L. Weissman, Proc. Natl. Acad. Sci. 

U.S.A. 98, 14541 (2001). 

35. J. Adolfsson et al., Immunity 15, 659 (2001). 

36. N. Buza-Vidas et al., Blood 118, 1544 (2011). 

37. W. M. Reams Jr., S. P. Tompkins, Dev. Biol. 31, 114 
(1973). 

38. A. M. Lichanska et al., Blood 94, 127 (1999). 

39. B. Z. Qian et al., Nature 475, 222 (2011). 

40. S. Hayashi, A. P. McMahon, Dev. Biol. 244, 305 (2002). 

41. E. Nakamura, M. T. Nguyen, S. Mackem, Dev. Dyn. 235, 
2603 (2006). 


Acknowledgments: The authors are indebted to S. McKercher, 
Sanford-Burnham Medical Research Institute La Jolla, 


California, USA, for providing Pu.1’~ mice and to T. Boehm 
and C. Bleul, Max Planck Institute of Immunobiology and 
Epigenetics, Freiburg, Germany, for providing Flt3-Cre mice. 
We also thank P. Saha for help with surgical procedures; 

C. Trouillet for help with flow cytometry and general 
organization of the lab; A. McGuigan and the staff of the 
Biological Service Unit at King’s College London (KCL), Guy's 
Campus, for support with mouse husbandry; and S. Heck and 
the Flow facility of the Biomedical Research Centre (BRC) at 
King’s Health Partners. The data presented in this manuscript 
are tabulated in the main paper and the supplementary 
materials. MIAME data are available at www.ebi.ac.uk/ 
arrayexpress: GomezElisa_AgilentMouse, ArrayExpress 
accession: E-MEXP-3510. C.S. is supported by a fellowship 
program of the German National Academy of Sciences 
Leopoldina (LPDS 2009-31). K.J.L. is supported by the 
Wellcome Trust (WT081880AIA) and U.K. Biotechnology and 
Biological Sciences Research Council (BB/E013872). F.G. is 
the Arthritis Research U.K. Chair of Inflammation Biology, at 
KCL. This work was funded by grants MRC G0900867, from the 
U.K. Medical Research Council, and ERC-2010-StG-261299 
MPS2010 from the European Research Council to F.G. 


Supplementary Materials 
www.sciencemag.org/cgi/content/full/science.1219179/DC1 
Materials and Methods 

Supplementary Text 

Figs. $1 to $10 

References (42-48) 

Movie $1 


16 January 2012; accepted 5 March 2012 
Published online 22 March 2012; 
10.1126/science.1219179 


6 APRIL 2012 VOL 336 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on April 5, 2012 


Interleukin-22 Drives Endogenous 
Thymic Regeneration in Mice 
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Endogenous thymic regeneration is a crucial function that allows for renewal of immune 
competence after stress, infection, or immunodepletion. However, the mechanisms governing 
this regeneration remain poorly understood. We detail such a mechanism, centered on interleukin-22 
(IL-22) and triggered by the depletion of CD4*CD8* double-positive thymocytes. Intrathymic 
levels of IL-22 were increased after thymic insult, and thymic recovery was impaired in 
IL-22—deficient mice. IL-22, which signaled through thymic epithelial cells and promoted 
their proliferation and survival, was up-regulated by radio-resistant RORy(t)*CCR6*NKp46_ 
lymphoid tissue inducer cells after thymic injury in an IL-23—dependent manner. Administration 
of IL-22 enhanced thymic recovery after total body irradiation. These studies reveal mechanisms 
of endogenous thymic repair and offer innovative regenerative strategies for improving immune 
competence. 


espite being exquisitely sensitive to 
insult, the thymus is remarkably resilient 


in young healthy animals. However, 


Thymopoiesis is a complex process involving 
cross-talk between developing thymocytes and 
the nonhematopoietic supporting stromal micro- 


thymic renewal after immune depletion is a pro- 
longed process, particularly in elderly patients, 
which substantially impairs the recovery of adapt- 
ive immunity (/, 2). This period of prolonged 
immune deficiency leads to an increase in oppor- 
tunistic infections and higher treatment-associated 
morbidity and mortality (2, 3). 


environment, which comprises specialized thymic 
epithelial cells (TECs), endothelium, fibroblasts, 
and dendritic cells (DCs) (4, 5). TECs can be 
separated into two populations, cortical TECs 
(cTECs) and medullary TECs (mTECs), which 
differ in their spatial location and function within 
the thymus (4-6). Interleukin-22 (IL-22) is pri- 
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marily associated with the maintenance of barrier 
function and induction of innate antimicrobial 
molecules at mucosal surfaces (7, 8). The prin- 
cipal sources of IL-22 are T helper 17 cells 
and innate lymphoid cell (ILC) subsets (9-/2). 
Given the role of IL-22 in both promoting and 
reducing autoimmune pathology within epithelial 
compartments (8), we hypothesized that IL-22 
would mediate epithelial regeneration after thy- 
mic injury. 

At baseline, untreated wild-type mice and 
mice genetically deficient in IL-22 (1/22-”) (13) 
demonstrated no difference in total thymic cel- 
lularity or in numbers of the various thymic cell 
populations (fig. S1, A to D). To explore the 
effects of IL-22 deficiency on thymic regener- 
ation after insult (74), we exposed wild-type or 
1122” mice to sublethal total body irradiation 
(SL-TBI. 122°’ mice displayed significantly 
impaired thymic regeneration for up to 28 days 
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Fig. 1. IL-22 is critical for endogenous thymic regeneration and is up- 
regulated upon thymic damage. (A to D) Wild-type mice (WT; gray bars, n = 
11) and 11227 (black bars, n = 11) C57BU/6 mice were given SL-TBI (550 
cGy) with no hematopoietic rescue, and enzyme-digested thymus was an- 
alyzed: (A) total thymic cellularity at days 7 and 28 after TBI; (B and ©) 
developing thymocyte subsets 28 days after SL-TBI; (D) developing stromal 
cell subsets 28 days after SL-TBI. (E) Total thymus cellularity in WT (n = 5) or 
11227 (n = 6) mice 98 days after SL-TBI. (F) Total thymus cellularity 7 days 
after targeted thymic irradiation (850 cGy) of WT (n = 10) or 22” (n = 7) 
mice. (G) Absolute amounts of intrathymic IL-22 were measured by enzyme- 
linked immunosorbent assay (ELISA) in untreated C57BL/6 (B6) (n = 22), 
untreated BALB/c (n = 5) or 7 days after SL-TBI without HSCT (550 cGy, n = 15) 
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or L-TBI and syngeneic HSCT (C57BV/6 HSCs into congenic Ly5.1* C57BU/6 
hosts, 2 x 550 cGy, n = 10) or T cell-depleted allogeneic HSCT (B10.BR 
HSCs into MHC-mismatched C57BV/6 hosts, 2 x 550 cGy, n = 10; or C57BV/6 
HSCs into MHC-mismatched BALB/c hosts, 2 x 425 cGy, n = 5). (H) Absolute 
amounts of IL-22 (solid black line) plotted with total thymic cellularity 
(dashed black line) over time after SL-TBI (n = 5 to 10 per time point). 
Dashed and solid red lines represent mean cellularity and IL-22 amount, 
respectively, at baseline. (I) Spearman correlation between absolute amounts 
of intrathymic IL-22 and total thymic cellularity in various models of thymic 
insult at 7 or 56 days. In (G) and (H), *P < 0.05, **P < 0.01 compared to 
untreated controls. Bar graphs represent means + SEM of at least two or three 
independent experiments. 
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Fig. 2. IL-22 is produced by intrathymic ILCs under the 
control of IL-23. (A and B) Enzyme-digested thymus 
from untreated mice (n = 11) or mice 3 days after L-TBI 
(n = 15) was incubated with Brefeldin A (3 ug/ml) 
for 4 hours, but otherwise remained unstimulated. 
(A) Intracellular expression of IL-22 and RORy(t) by 
CD45*IL-7Ro*CD3 CD8 tILCs in untreated or L-TBI ani- 
mals. (B) Expression of CCR6, NKp46, and CD4 on IL-22— 
producing tILCs. (C) IL-22 levels measured by ELISA in 
thymus of untreated mice or 7 days after SL-TBI in WT 
or Rorc”~ mice. (D and E) Absolute number (D) and 
frequency (E) of CD45*IL-7Ra*CD3 CD8 CD4*RORy(t) 
LTi cells in untreated mice (n = 25) or 3 days after L-TBI 
(n = 10). (F) Expression of RANK ligand (RANKL), IL-23R, 
and RORy(t) in LTi cells from untreated mice or mice 
3 days after L-TBI. (G) CS57BU/6 mice were given SL-TBI 
(550 cGy) and absolute levels of IL-23 (solid black 
line) were measured by ELISA at days 1, 3, 5, 7, 10, 14, 
and 21 (n = 5 per time point). Compared with IL-22 
kinetics (dashed black line) taken from Fig. 1H. Red 
lines represent mean at day 0 for IL-22 (dashed) and 
IL-23 (solid). (H and I) Absolute IL-22 levels measured 
by ELISA (H) and total thymic cellularity (I) in untreated 
mice (n = 11) or 7 days after SL-TBI in WT (n = 10) or 
[112b~~ (n = 8) animals. (J) Untreated WT thymus was 
enzyme-digested and incubated with or without IL-23 
(60 ng/ml) for 4 hours. After 1 hour of IL-23 incubation, 
Brefeldin A was added to all wells. IL-22 expression was 
examined in CD45*CD3 CD8 CD4*IL7Ra*RORy(t)* LTi 
cells. (K) Untreated (n = 10) or 3 days after L-TBI (n = 10) 
thymus cells were incubated for 4 hours in monensin to 
block Golgi export (2 uM) but otherwise remained 
unstimulated. Intracellular IL-23 expression in thymic 
DCs (CD45*CD11c*MHCII*) was measured. (L) Ex- 
pression of CD103 on IL-23” and IL-23* thymic DCs in 
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untreated and L-TBI mice. *P < 0.05, **P < 0.01, ***P < 0.001. Bar graphs represent means + SEM of two or three independent experiments. Fluorescence-activated 
cell sorter (FACS) plots were generated by concatenation of five individual observations from one of at least two independent experiments. 
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Fig. 3. Absence of CD4*CD8* double positive 
thymocytes triggers the up-regulation of IL-23 
and IL-22. (A to C) Mutant mouse strains with 
blocks at different stages of the T cell develop- 
ment were assessed for their production of IL-22 
and IL-23. (A) Schematic of T cell developmental 
stage blocked in various mutant strains and 
methods used. (B) Absolute IL-22 and IL-23 at 
baseline in thymus of untreated WT (n = 15), 
N7Ra~ (n= 9), II7* (n = 11), Rag1~ (n = 22), 
Ter (n = 10), Tora” (n = 18), Cor7”" (n = 6), 
and Cd40l~- (n = 10) mice. Statistical compar- 
isons were made with the Kruskal-Wallis test 
with posttest comparison to WT controls (*P < 
0.05, **P < 0.01, ***P < 0.001). (C) Spearman 
correlation between number of DP thymocytes 
and amounts of IL-22 or IL-23 in various 
mutant mouse strains. (D to F) C57BV/6 mice 
were treated with phosphate-buffered saline 
(PBS) (n = 10) or Dex (20 mg/kg, n = 11). (D) 
Thymocyte profiles and absolute amounts of 
thymus IL-22 and IL-23 were assessed 5 days 
after treatment. (E) Freshly isolated LTi cells from 


untreated WT (n = 12) or Dex-treated (n = 13) mice were analyzed 
for intracellular IL-22 with no incubation period. (F) Mean fluores- 
cence intensity (MFI) of RORy(t) in LTi cells isolated from untreated 
or Dex-treated mice. Bar graphs represent means + SEM; all data 
were generated from two or three independent experiments. FACS 
plots were generated by concatenation of at least five individual 
observations from one of at least two independent experiments. 
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after SL-TBI (Fig. 1A) with significantly reduced 
numbers of all developing thymocyte subsets, 
TECs and non-TECs (including endothelial cells 
and fibroblasts) (Fig. 1, B to D). We also per- 
formed syngeneic hematopoietic stem cell trans- 
plantation (HSCT) or allogeneic HSCT, and in 
both cases we observed significantly reduced 
thymic cellularity and reduced numbers of all 
thymic cell subsets in 1/22” hosts (fig. S2). 
Upon long-term follow-up, we found that im- 
paired thymic regeneration in 1/22’ mice per- 
sisted for up to 98 days after TBI (Fig. 1E). 122°” 
mice given a targeted dose of radiation to the 
thymus also exhibited significantly reduced thy- 
mic regeneration relative to wild-type controls at 
day 7 (Fig. 1F), which suggests that the systemic 
damage of TBI is not required for the impact of 
IL-22 deficiency on thymic regeneration. 
Thymic IL-22 production was measured in 
mice 7 days after SL-TBI without HSCT, lethal 
TBI and syngeneic HSCT, or T cell-depleted 
allogeneic HSCT. In each of these models, we 
found a factor of 2 to 3 increase in absolute 
amounts of IL-22 relative to control mice that 
were not irradiated (Fig. 1G). This result was 
striking, given the significant decrease in thymic 
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cellularity seen in irradiated mice (fig. S3A) 
leading to a profound increase in the amount of 
IL-22 on a per-cell basis (fig. S3B). Absolute 
amounts of IL-22 peaked on day 5, correspond- 
ing closely with the lowest point of thymic cel- 
lularity, and returned to normal amounts by day 
10 as thymic cellularity returned to baseline (Fig. 
1H). These findings revealed an inverse correla- 
tion (r = —0.8345) between thymic size and ab- 
solute amount of intrathymic IL-22 (Fig. 1). 

We next titrated the radiation dose to further 
explore the coupling between thymic cellularity 
and IL-22. Although increasing doses of radia- 
tion led to more severe thymic insult (fig. S3C), 
peak absolute amounts of IL-22 were achieved at 
the lowest TBI dose (fig. S3D), which suggests 
that only a partial loss of thymic cellularity is 
necessary for increased expression of IL-22. 

Mice given a range of radiation doses targeted 
directly to the thymus also significantly increased 
their intrathymic amounts of IL-22 (fig. S3E). In 
these same mice, there was no change in the 
amounts of IL-22 in the spleen after thymic irra- 
diation, which suggests that up-regulation of in- 
trathymic IL-22 is an intrinsic local response to 
thymic injury. 
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ILCs that express the transcription factor 
RORy(t) have been identified as potent pro- 
ducers of IL-22 (11, 15). Moreover, CD4°CD3~ 
thymic lymphoid tissue inducer (LTi) cells con- 
tribute toward TEC development and maturation 
(16). Three days after L-TBI (with no hema- 
topoietic rescue), we identified a population of 
CD45"IL-7Ra*CD3 CD8 RORy(t)" thymic ILCs 
(tILCs) that up-regulated their production of 
IL-22 (Fig. 2A). No IL-22 expression was found 
by CD3* or CD45" populations (fig. $4, A to C). 
Closer examination revealed that IL-22—producing 
tILCs in both untreated and TBI-treated mice 
uniformly expressed CD4 and CCR6 but not 
NkKp46 (Fig. 2B)—a phenotype consistent with 
that of LTi cells (75). 

Apart from its role in ILC function, RORy(t) 
is critical for thymocyte development and is wide- 
ly expressed in the thymus (/7). Mice deficient 
for Rorc, the gene encoding RORy(t), contained 
normal amounts of intrathymic IL-22 (Fig. 2C) 
at baseline, indicating that steady-state amounts 
of intrathymic IL-22 do not require RORy(t) or 
LTi cells. However, in contrast to wild-type mice, 
Rorc ’ mice did not significantly increase their 
intrathymic amounts of IL-22 in response to TBI 
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Fig. 4. Exogenous administration of recombinant murine IL-22 enhances 
thymopoiesis by promoting the proliferation and viability of TECs. (A) Wild-type 
thymus was enzyme-digested and enriched for CD45~ cells. Expression of IL-22Ra 
on cTECs (UEA-1"°), mTEC'® (UEA-1"MHCII), and mTEC™ (UEA-1"™MHCII") is 
shown. All populations were gated on CD45 EpCAM*". (B to D) CD45- or MHCII* 
enriched thymus cells were incubated for 24 hours with or without IL-22 
(100 ng/ml). (B) Expression of EpCAM in uncultured CD45" cells (n = 5) and 
in CD45" cells incubated for 24 hours with IL-22 (n = 10) or media alone (n = 
10). (CQ Proportion of specific TEC subsets in CD45~ cells incubated for 24 hours 
with or without IL-22. (D) Expression of 4”,6-diamidino-2-phenylindole (DAPI) 
and the marker of proliferation K;-67, on TEC subsets on MHC class II—enriched 


thymus cells after 24 hours of incubation with IL-22 (n = 10) or media alone 
(n = 10). For in vitro experiments with enriched cells, each individual obser- 
vation represents three or four pooled thymuses. (E to H) C57BlV/6 mice were 
given SL-TBI (550 cGy), then treated with PBS (gray bars, n = 10) or IL-22 
(black bars, 200 g/kg per day, n = 10 to 15) at days —1, 0, and +1 and 
assessed at days 7 and 28. (E) Total thymus cellularity. (F) Absolute number 
of thymocyte subsets. (G) Absolute number of TEC subsets. (H) Proportion of 
K,-67—expressing cTECs, mTEC’®, and mTEC™. Bar graphs represent means + 
SEM of at least two independent experiments. FACS plots were generated by 
concatenation of at least five individual observations from one of at least two 
independent experiments. 
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(Fig. 2C), which suggests that RORy(t)’ LTi 
cells are critical for intrathymic up-regulation in 
the production of IL-22 after thymic damage. 

Thymic LTi cells were present immediately 
after radiation (Fig. 2D), indicating that they are 
radio-resistant for the period when the up- 
regulation of IL-22 is crucial for thymic regen- 
eration, and could persist for up to 3 months after 
L-TBI and HSCT (fig. S4D). Furthermore, given 
the severe depletion of thymus cellularity early 
after TBI, the frequency of LTi cells increased 
significantly after L-TBI (Fig. 2E). After TBI, LTi 
cells also increased their expression of RANKL 
(Fig. 2F and fig. S4E), which has been reported 
to aid TEC maintenance and regeneration (/6). 

Regulation of IL-22 production has been 
closely associated with DC-produced IL-23, and 
ex vivo incubation of ILCs with IL-23 stimulates 
production of IL-22 (/3, /8—20). Three days after 
L-TBI, we found increased expression of IL-23 
receptor (IL-23R) and RORy(t) by LTi cells (Fig. 
2F and fig. S4E), consistent with the importance 
of IL-23 in regulating IL-22 (2/, 22). We then 
assessed intrathymic amounts of IL-23 in vivo 
and observed increased IL-23 production after 
SL-TBI, mirroring the kinetics of IL-22 (Fig. 
2G). Mice genetically deficient in /// 2b, the gene 
that encodes the p40 subunit of IL-12 and IL-23, 
showed no change in IL-22 production (Fig. 2H) 
and exhibited a defect in thymic regeneration 
after SL-TBI (Fig. 21), demonstrating that intra- 
thymic TBI-induced production of IL-22 requires 
p40. Consistent with this finding, IL-22 expres- 
sion was increased by thymic LTi cells after IL-23 
stimulation in vitro (Fig. 2J). 

We next sought to identify the source of ele- 
vated intrathymic IL-23 after TBI. Although 
some thymic DCs expressed IL-23 at baseline, 
a greater frequency expressed IL-23 after L-TBI 
(Fig. 2K). IL-23 expression was found in both 
CD103* and CD103° thymic DCs in untreated 
mice; however, there was significant enrichment 
of IL-23* thymic DCs expressing CD103 (Fig. 
2L) in irradiated animals. This is consistent with 
the finding that mucosal CD103* DCs are potent 
IL-23 producers (23). 

To further explore the relationship between 
IL-22 and thymocyte cellularity (Fig. 1G), we 
examined mutant animals with well-defined 
blocks in intrathymic T cell development (24) 
for production of IL-22 and IL-23 (Fig. 3A). 
Mice blocked within the CD4 CD8™ double 
negative (DN) stage of thymocyte differentiation, 
prior to developing CD4*°CD8" double positive 
(DP) thymocytes, expressed significantly more 
intrathymic IL-22 and IL-23 than wild-type 
controls (Fig. 3B). In contrast, mice deficient 
for TCRa or CCR7, which lack mature CD4 or 
CD8 single positive (SP) thymocytes but have no 
loss of DP thymocytes (5, 24), exhibited no up- 
regulation of IL-22 and IL-23 (Fig. 3B). Stable 
intrathymic IL-22 and IL-23 were also observed 
in mice deficient for CD40 ligand (Cd401“ ) 
(Fig. 3B), which have a defect in mTECs but 
have normal numbers of DP and SP thymocytes 


(25). Consequently, there was a strong inverse 
correlation between the number of DP thymo- 
cytes and amounts of intrathymic IL-22 and IL-23 
(Fig. 3C), further suggesting that depletion or 
absence of DP leads to up-regulation of IL-22 
and IL-23. This was confirmed by treatment 
with dexamethasone (Dex), which specifically 
depletes DP thymocytes (26) and led to up- 
regulation of IL-22 and IL-23 in wild-type mice 
(Fig. 3D). Strikingly, increased IL-22 expression 
was detected in freshly isolated LTi cells from 
Dex-treated mice without incubation, in stark 
contrast to the low or undetectable levels in un- 
treated mice (Fig. 3E). Furthermore, consistent 
with our findings in the TBI model, we observed 
significantly increased expression of RORy(t) in 
LTi cells isolated from Dex-treated mice relative 
to untreated controls (Fig. 3F). Although IL-7 
signaling has been implicated in LTi cell main- 
tenance (27), similar numbers of LTi cells were 
found in 1/7“ and Rag!’ mice, and there was 
an increase in [/7ra “ mice (fig. S4F). Further- 
more, both the frequency of LTi cells (fig. S4G) 
and their baseline production of IL-22 (fig. S4H) 
were increased relative to wild-type controls. In 
all our models of thymic damage and mutant 
mouse strains, there was a strong correlation (7 = 
0.9554) between amounts of thymic IL-22 and 
IL-23 (fig. S5). 

IL-22R is a heterodimer of IL-10RB and IL- 
22Ra (8). Its expression has been reported to be 
restricted to nonhematopoietic cells (8). No IL- 
22Ra was detectable on developing thymocytes 
or nonepithelial stromal cells (fig. S6A). In con- 
trast, IL-22Ra was expressed on cTECs as well 
as on major histocompatibility complex (MHC) 
class II high- and low-expressing mTECs (mTEC™ 
and mTEC", respectively), a marker of mTEC 
maturation (6, 25) (Fig. 4A). To test whether IL-22 
could functionally signal through IL-22R expressed 
by TECs, we stimulated the TE-71 TEC cell line 
with IL-22. Consistent with findings in the mucosal 
epithelium (28), IL-22 stimulation of TE-71 cells 
led to activation-induced phosphorylation of the 
transcription factors STAT-3 and STAT-5 (fig. 
S6B) (29). 

To assess the impact of IL-22 on primary 
TECs, we enriched and incubated CD45 ° cells 
with IL-22 or media alone for 24 hours. Although 
there was significant attrition of epithelial cell 
adhesion molecule (EpCAM) expression in 
untreated cells, those incubated with IL-22 
maintained greater EpCAM expression, and 
viability of TEC subsets, in culture (Fig. 4, B 
and C). Consistent with these findings, the pres- 
ence of IL-22 improved TEC survival and in- 
creased proliferation of cTECs and mTEC” 
(Fig. 4D). There was no change in the expression 
of apoptosis-related Annexin V or Bcl-2 proteins 
(fig. S6C). These findings demonstrate that IL-22 
signals through IL-22R on the surface of TECs, 
and in particular in cTECs and mTEC". It is 
within this latter population that immature 
mTEC populations are currently thought to reside 
(6, 25). Although it is possible that IL-22 acts as a 


maturation signal for mTECs, it is more likely 
that IL-22 primarily functions to induce prolifer- 
ation and viability, given the uniform expression 
of IL-22R on immature mTEC’ and mature 
mTEC", and given the preferential promotion of 
proliferation among mTEC”. 

To examine the clinical effectiveness of IL-22 
as a regenerative strategy, we administered 
recombinant IL-22 to mice given SL-TBI. We 
found significantly increased thymic cellularity at 
days 7 and 28, relative to controls, in mice re- 
ceiving SL-TBI (Fig. 4E). Increases were also 
observed in all developing thymocyte subsets 
(Fig. 4F) and TEC subsets (Fig. 4G). There was 
also a significant increase in the proliferation of 
cTECs and mTEC” at early time points after 
IL-22 treatment (Fig. 4H). IL-22—treated animals 
receiving L-TBI in combination with syngeneic 
HSCT also showed significantly enhanced thy- 
mic recovery at day 7 (fig. S7). In otherwise 
untreated animals given IL-22, we observed no 
change in total thymic cellularity, although there 
was a small increase in cTEC and mTEC® 
proliferation (fig. S8). 

These studies suggest that after thymic injury, 
and specifically after the depletion of DP thy- 
mocytes, up-regulation of IL-23 by radio-resistant 
CD103* thymic DCs induces IL-22 production by 
LTi cells. This cascade of events leads to regen- 
eration of the supporting epithelial microenvi- 
ronment, and ultimately to enhanced thymopoiesis 
(fig. S9). We previously demonstrated in knock- 
out studies that keratinocyte growth factor is also 
required for thymic regeneration and is redundant 
for thymic ontogeny (30). In this instance, how- 
ever, depletion of DP cellularity triggers a thymic 
molecular network to aid in its own regeneration. 
Interestingly, once thymus cellularity has been re- 
stored, IL-22 production stabilizes. This is con- 
sistent with the fact that administration of IL-22 
was a highly effective regenerative strategy after 
radiation damage but had little effect in untreated 
mice or those with substantial recovery after syn- 
geneic HSCT. 

Prolonged thymic deficiency after cytoreduc- 
tive conditioning is a major clinical challenge. 
These studies not only identify a mechanism gov- 
erning endogenous thymic regeneration, but also 
offer an innovative therapeutic strategy for im- 
mune regeneration in patients whose thymus has 
been irrevocably damaged. 
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Neural Mechanisms of Foraging 


Nils Kolling,?* Timothy E. J. Behrens,"* Rogier B. Mars,”? Matthew F. S. Rushworth? 


Behavioral economic studies involving limited numbers of choices have provided key insights 
into neural decision-making mechanisms. By contrast, animals’ foraging choices arise in the 
context of sequences of encounters with prey or food. On each encounter, the animal chooses whether 
to engage or, if the environment is sufficiently rich, to search elsewhere. The cost of foraging is 

also critical. We demonstrate that humans can alternate between two modes of choice, comparative 
decision-making and foraging, depending on distinct neural mechanisms in ventromedial prefrontal 
cortex (vmPFC) and anterior cingulate cortex (ACC) using distinct reference frames; in ACC, choice 
variables are represented in invariant reference to foraging or searching for alternatives. Whereas 
vmPFC encodes values of specific well-defined options, ACC encodes the average value of the foraging 


environment and cost of foraging. 


ecent insights into the neural mechanisms 

of decision-making have come from 

investigations in behavioral economics. 
Participants typically decide between limited 
numbers of options differing in probability, risk, 
and amount of reward (/). Despite their success 
in explaining the choices animals make (2, 3), 
the optimal foraging models of ecology have had 
little impact on cognitive neuroscience (4) or eco- 
nomics (5). The key foraging choice is usually not 
a binary one between currently available options; 
instead, it is whether or not to engage with op- 
tions as they are encountered (2, 3, 5). It depends 
not just on (i) the value of the option encountered 
(encounter value) but also on estimates of (ii) the 
environment’s average value (search value), and 
(iil) the cost of leaving to forage for alternatives 
(search cost) (2-4). We used functional magnetic 
resonance imaging to examine the neural mech- 
anisms mediating foraging. 

Human participants made foraging-style choices 
(forages) to either engage with current options of 
known value or search among a set of potential 
alternatives also of known value. All the stimuli 
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were drawn with replacements from a set of 12 
that had values learned in a previous session (sup- 
plementary material 1.2). Pre- and postscanning 
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checks and analyses of choices during scanning 
confirmed value retention (fig. S7). Two visual 
stimuli indicated reward magnitudes potentially 
available if the subject engaged (their weighted 
combination constituted the encounter value) (sup- 
plementary equations 2 to 4 and fig. S2). Rewards 
were points that translated into money when the 
experiment was completed. Six additional boxed 
stimuli indicated the values of the potential alter- 
natives (search value). Choosing to search en- 
tailed a risk of paying a search cost (high, mid, or 
low) in loss of points indicated by box color. If 
the subjects engaged, they went on to make a 
comparative decision between the two compo- 
nents that constituted the encounter option, after 
being informed about their associated reward 
probabilities (Fig. 1A). The introduction of prob- 
ability information ensured that decisions could 
only be made at this point and that forages and 
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Fig. 1. (A) Trials started with two central stimuli (encounter value) and six alternative stimuli (search 
value) in a box at the top (drawn from a set of 12 learned in a previous session); box color indicated 
current potential search cost. The horizontal bar indicated previously collected points. The first choice 
was a forage—to engage with the encounter value or search for an alternative. Searching led back to 
the initial screen with a new encounter value drawn from the previous set of alternatives. Engaging led 
to the second type of choice—the decision—between the two component stimuli that constituted the 
encounter value. The pseudorandomly determined reward probabilities were now revealed. After the 
decision feedback indicated reward delivery. Factors (8 weights from logistic regressions) influencing 
likelihoods of search during forages (B) and picking the right stimulus during decisions (C). 
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decisions were separated in time. When partic- 
ipants chose to search, new options drawn at 
random from the boxed alternatives were en- 
countered. Participants searched as often as they 
wished but risked the same costs each time. 

Logistic regression identified factors weigh- 
ing on forages and decisions. Engaging was pro- 
moted by search costs and encounter values but 
retarded by all components of search values (Fig. 
1B and fig. S7). Participants were biased against 
search and required objectively more value gain 
for searching than engaging (the constant from 
the regression reflects subjects’ biases against 
searching; we call this parameter forage read- 
iness). Decisions were influenced by reward proba- 
bility and magnitude differences between options 
(Fig. 1C). 

Comparison of average activity during forag- 
ing and decisions identified ACC among other 
regions (Fig. 2A). Usually, in decisions, the most 
common signal observed in ACC is inversely 
related to the value difference between chosen 
and unchosen options. Such inverse value dif- 
ference effects have been interpreted as indicat- 
ing that ACC or dorsomedial frontal cortex is a 
“comparator” comparing choice values. Accord- 
ing to this theory, the region is more active when 
unchosen values are larger, because a smaller 
difference between chosen and unchosen values 
means comparison takes longer before a choice is 
made (6, 7) (fig. S3). Related accounts emphasize 
an ACC role in monitoring for conflict between 
responses (8). 

However, our task also allowed us to test 
whether the ACC signal reflects the relative 
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Fig. 2. ACC activity was higher in forages than decisions (A), better related to 
the inverse value difference (VD) during decisions than foraging (B), reflected 
the main effect of search value during foraging (C), and related better to search 
VD than decision VD (D). ACC time courses during engage (E) and search (F). 
(G) Individual peak ACC BOLD f weights 5 to 10 s after forage stimulus onset 
correlated with behavioral effects of the search value on search behavior 
(bottom), whereas ACC B weights of best search value component predicted 
repeated searching (top). VmPFC exhibited no such correlations. (H) Time course 
for engage forages and the subsequent decision phase: The search value (red) 
signal continued into the decision phase. Reward magnitudes associated with 
chosen (green) and unchosen (orange) components of encounter value (left) were 
represented from their onset in the forage phase and into the decision phase. The 


reward probabilities of the chosen and unchosen options were only revealed after 
engaging, and their BOLD effects therefore appear later (right). 
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benefit of the alternative course of action or the 
value of exploring the environment. This hy- 
pothesis predicts that ACC, during forages, will 
stop reflecting the value of the unchosen option 
and will always represent the value of searching. 
We therefore refined the analysis (supplemen- 


tary text 1.5) and tested for a region that demon- 
strated both of these effects: Coding for the 
unchosen-chosen value difference during deci- 
sions but not forages (Fig. 2B), and, on forages, 
instead coding for the search value (Fig. 2C). 
Both tests identified overlapping ACC regions. 
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(D) and individual differences in forag- 


ing readiness (E) both revealed an ACC region anterior to, but overlapping with, that in Fig. 2D. 


When these two effects were combined into a 
compound test [forage(cearch value—encounter value)_ 
decision(chosenvalue-unchosen value], the same ACC 
region was implicated (Fig. 2D). 

We analyzed foraging signal time courses in 
a region centered on the overlap between forag- 
ing search value and decision value difference 
effects (Fig. 2, C and D). The blood-oxygen- 
level-dependent (BOLD) contrast for ACC was 
positively correlated with the value of searching 
the environment and negatively correlated with 
the value of engaging with the current encounter 
option, regardless of the choice participants ulti- 
mately made (Fig. 2, E and F). The frame of 
reference in which values are encoded in ACC is 
thus fixed in relation to response strategy, that 
is, searching or engaging. This contrasts with 
vmPFC and other regions where value is encoded 
in a flexible reference frame tied to the choice 
taken or attended (9, 70). Comparing search val- 
ue signals in ACC, we found a more rapid in- 
crease (greater slope) on search than engage choices 
(417) =-2.54, P= 0.021] consistent with earlier, 
stronger signals in search decisions (fig. S8) and 
faster accumulation of search evidence in ACC 
on search choices (4). In search choices, there 
was also an effect of search cost (Fig.2F). 

We next examined whether individual differ- 
ences in ACC activity reflected differences in 
foraging. Behavioral variation in the influence of 
search value in promoting searches was corre- 
lated with neural variation in ACC search value 
effects (Fig. 2G, bottom), and behavioral differ- 
ences in the influence of the lowest and highest 
alternative values were correlated with ACC ac- 
tivity (fig. S5). Although average search value 
determined search choices (Fig. 1B), it did not 
predict the rate at which participants repeatedly 
searched again and again in pursuit of the best 
alternative on each trial. Such perseverative 
search rates were, however, predicted by ACC 
responses to best alternatives (Fig. 2G, top). 
Finally, we looked at the decision phase; ACC 
activity still reflected the search value from the 
prior forage, as if still encoding how good it 
would be to search for alternatives (Fig. 2H). 
Brain activity conveyed knowledge of environ- 
mental richness even during simultaneous binary 
decision-making when the signal was no longer 


relevant. Knowledge of environmental richness, 
which is normally pertinent to foraging but ir- 
relevant to binary decision-making, impinges on, 
and impairs, simultaneous binary decision-making 
in behavioral experiments (5). 

Despite their limitations (//) and alternative 
explanations of reward- and error-related activ- 
ity in ACC (8, 12), conflict and comparator-based 
theories remain the most influential accounts of 
decision-related activity in ACC. However, the 
presence of an average reward signal (search 
value), a negative effect of search cost, anchoring 
of value representations with respect to search 
versus engage strategies, differential rates of search 
signal accumulation on search and engage trials, 
and correlation, across subjects, between ACC 
signal variance and search choice variance (Fig. 2 
and fig. S5) cannot be accommodated within 
comparator- and conflict-based ACC theories. 
Instead, we suggest that ACC codes the value 
of switching to a course of action alternative to 
that which is taken or is the default. ACC sup- 
plies such a signal even when subjects are not 
asked to forage but to make decisions. As soon as 
the subject switches to the alternative, the signal 
dissipates, but it is maintained if the course of 
behavior is maintained (compare red lines in 
Fig. 2F versus Fig. 2, E and H). 

VmPFC encodes the value of chosen or at- 
tended options in comparison with unchosen or 
unattended options (9, 70, 13). During foraging, 
however, vmPFC activity only reflected the cho- 
sen option value when participants engaged, and 
there was no representation of search value (Fig. 
3A). When subjects searched, the chosen search 
value was actually negatively correlated with 
vmPFC activity, and there was no representation 
of encounter value. The absence of any repre- 
sentation of search value—the average value of 
the environment—and of search cost (Fig. 3A) 
restricts any role vmPFC might play in foraging. 

In contrast, seconds after foraging, vmPFC 
played an important role in decisions. Compar- 
ison of average activity during decisions and 
forages and between decision and forage value 
differences [decision(chosen value-unchosen value) VEI- 
sus forage(chosen value—unchosen value)] identified 
vmPFC (Fig. 3B). It coded, negatively and pos- 
itively, for values of unchosen and chosen op- 
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tions, respectively. It effectively encoded the value 
difference between options. During the transition 
from foraging to decisions, vmPFC rapidly changed 
from positively encoding both components of 
encounter value, weighting both in the same way 
as participants did behaviorally (fig. S4), to rep- 
resenting the value difference between chosen 
and unchosen components in decisions (Fig. 3, A 
and C). The reference frame in which values are 
encoded in vmPFC is thus flexible and concerned 
with the value dimensions and contrasts most 
pertinent to decision-making. Such a reference 
frame makes vmPFC suitable for goal-based 
(/4) and multiattribute (75) decision-making. 
Its importance during decisions was underlined 
by individual variation in vmPFC reward mag- 
nitude effects, which were correlated with 
decision accuracy (Fig. 3D). 

Reward prediction error signals associated 
with the ventral striatum and its interactions with 
orbitofrontal cortex (/6) allow decision-making 
to change with experience. They occur even 
when there is little opportunity for learning (/7), 
as in our task. We therefore examined whether 
forage prediction errors were also encoded by the 
striatum (fig. $3) and its interactions with the 
ACC. Despite its weak activation with search 
value, it exhibited post-search prediction error- 
like signals (positive effect of new encounter 
value, negative effect of previous search value) 
(Fig. 4A). It also responded to search costs (Fig. 
4B). The prediction error response had higher 
positive peaks in people who searched less (as 
if they had expected less) (Fig. 4C, top). Across 
subjects, search costs activated striatum in propor- 
tion to the degree that they deterred searching 
(Fig. 4C, bottom). 

An ACC region overlapping with, but an- 
terior to, the search value effect (Fig. 2C) was 
more coupled with left ventral striatum when 
search costs increased and search was chosen 
(Fig.4D). The coupling appeared related to dis- 
inhibition of effortful choices because the same 
ACC region was also more active in subjects 
more willing to overcome costs; individual dif- 
ferences in foraging readiness were associated 
with increased anterior ACC activation (Fig. 4E). 

VmPFC and ACC have been thought to op- 
erate in sequence during choice (6, /6), but our 
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results suggest that ACC represents choice in a 
manner at odds with intuitions of how compar- 
ative decisions are made. Because ACC value 
representations are anchored to response strategy 
(engage or search), our results confirm that it is 
well placed to guide response selection. Howev- 
er, the different signals in ACC and vmPFC attest 
to independent roles in forages and decisions. 
The implication of ACC in foraging and en- 
coding of the average value of the foraging en- 
vironment may facilitate understanding of the 
reward signal it carries (12, 78, 19), its promi- 
nence during exertion of effort (20, 2/), in go—no 
go decisions (22), in exploration (23, 24), and in 
representing alternative and counterfactual choice 
values (25, 26). Some action value learning tasks 
previously used to investigate ACC (/2) may 
have been treated as foraging tasks, and animals 
may have been choosing whether to stay with the 
current choice or switch to an alternative. Such a 
perspective also makes it possible to reinterpret 
ACC activation recorded during exploration tasks 
(24) as reflecting estimates of richness of alter- 
natives in the environment. ACC activity is fre- 
quently recorded (27) and might reflect the value 
of alternative choices in other tasks and the in- 
clination to refrain from engaging in the currently 
offered choice (28). Foraging entails energetic 
costs, and we found that ACC activity also re- 
flected the cost of foraging. ACC neurons have 
been shown to encode value signals that inte- 


grate both cost and reward (29). By contrast, 
vmPFC, a primate specialization (30), may under- 
pin fine-grained, accurate, and flexible decision- 
making (6, /4). 
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fee: $3995 per participant. This fee includes lab manual, use of all equipment and supplies, and much more — visit our 
and room and board (all rooms are singles). website for a complete list! 


application deadlines: June 1, 2012 for session 1 and July 1, 2012 for session 2. 


First come, first served (apply now!). Late applications will be accepted on a space available basis. NEW ENGLAND 


e 
payment deadline: Three weeks following receipt of your email acceptance letter. l oLab ® 
Inc. 


www.neb.com 


Miseq. 


Better inside. Outside. Upside. 


Inside you'll find a fully integrated sequencing solution 
delivering >85% Q30 bases and run times as fast as 
8 hours from sample to data. 


Outside you'll find “push button” sequencing, with 
a streamlined user experience, individually tracked 
load-and-go reagents, intuitive software interface, 
and minimal hands-on time. 


The upside is what you can do with it. Designed 
around you, MiSeq offers intuitive workflow. 

The broadest application base. Built-in scalability. 
The best in next-gen sequencing just got better. 


Bring more upside to your next 
sequencing study. Go to 


www. illumina.com/MiSeq 


illumina’ 


AMPLIFICATION // QX100™ DROPLET DIGITAL™ PCR SYSTEM 


The future of dPCR |s here, 
ana it's aigital. 


That’s ddPCRevolutionary. 


Bio-Rad’s QX100™ Droplet Digital™ PCR system provides 

a measure of target DNA molecules with unrivaled precision 
and accuracy. The QX100 system partitions each sample 
into 20,000 individual nanoliter-sized droplets. PCR-positive 
and PCR-negative droplets from every sample are then 
counted to provide absolute target quantification in digital 
form. The QX100 system provides a revolutionary approach 
to target DNA quantification. 


Detect rare target sequences with unmatched 
sensitivity for cancer and viral research 


Measure small differences in target copy number 
variations (down to 1.2x differences) 


Determine gene expression levels without 
a standard curve or AACq 


Visit or contact 
your Bio-Rad Sales Representative to learn more. 


search. Together. 


To find your local sales office, visit www.bio-rad.com/contact. se Eee 
in the U.S., call toll free at +-800-4BIORAD (1-800-424-6723). Visit us at www.bio-rad.com [={[@) RAD 


American 


Heart 
Association. 


Lead the way to discovery and have a global impact with your science. Submit your study findings 
to the American Heart Association’s Scientific Sessions! 


PUBLISHED ABSTRACTS 


e Accepted abstracts are published in Circulation, an American Heart 
Association journal. Circulationis ranked #1 in Cardiac & Cardiovascular 
Systems subject matter category (Impact Factor 14.432), according to the 
2010 Journal Citation Reports® (Thomson Reuters, 2011). 


e Trials presented at Scientific Sessions 2011 were published in 14 
eminent journals last year (e.g., Circulation, NEJM, JAMA, Lancet). 
Scan the code below for full listing.* 


e Your eee abstracts will receive Uhm) pe ucrane and 


Abstract Submission 
April 17—June 6, 5 pm CDT | UTC -5 Hours 


Leading Discovery. Global Impact. 


©2012, American Heart Association 3/12DS5623 


NETWORK WITH GLOBAL LEADERS 


¢ Discuss your findings with more than 19,000 
from more than 105 countries, in addition to 
with more than 228,000 virtual profess 


ardiovascular experts 


AWARDS & TRAVEL 


¢ More than $150,0 
career investiga 
Scientific Sessio 


Late-Breaking Clinical Trial Application 
June 11—July 2, 5 pm CDT | UTC -5 Hours 


*scanlife.com 


12-132 


Learn how current events 
are impacting your work. 


Sciencelnsider, the new policy blog from the journal 
Science, is your source for breaking news and instant 
analysis from the nexus of politics and science. 


Produced by an international team of science journalists, 
Sciencelnsider offers hard-hitting coverage on a range of 
issues including climate change, bioterrorism, research 
funding, and more. 

Before research happens at the bench, science policy is 
formulated in the halls of government. Make sure you 
understand how current events are impacting your work. 
Read Sciencelnsider today. 


www.Sciencelnsider.org 


Sciencelnsider 


Breaking news and analysis from 
the world of science policy 
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Bioclusters: Eastern U.S. 


Opportunities in 
the Eastern U.S. Life 
Sciences Clusters 


In This Issue 

For scientists pursuing careers in biotech, clusters of life science- 
related companies and research institutions in the eastern United 
States may be a promising place to look for jobs. These so-called 
bioclusters have a 30-year history in the region and, in recent years, 
have seen an uptick in active support from academic institutions 
and state and local governments. We focus on three leaders in the 
region, the bioclusters in Massachusetts, Maryland/Washington, DC, 
and North Carolina. 


See full story on page 101. 


Upcoming Features 

Bioclusters: Western U.S.—May 4 

Biotech/Pharma: Navigating Mergers/Acquisitions—June 8 
Diversity: Promoting New Perspectives—July 20 


2011 Winner 
Dr. Tiago Branco 


Be the Pane 
Research Fellow 


next ine 
winner! 


Get recognized! 
US$ 25,000 Prize 


Deadline for entries: 


June 15, 2012 


It’s easy to apply! Learn more at: 
www.eppendorf.com/prize 


 Sclence 
PRIZE FoR 
HEVAOSIOLIGY 


Eppendorf & Science Prize 
for Neurobiology 


Kurstin Roe Photography 


Congratulations to Dr. Tiago Branco on winning the 2011 Eppendorf & Science Prize for his studies on how 
dendrites discriminate temporal input sequences and apply different integration rules depending on input 
location. The results of Dr. Branco’s research provide insight on how the brain performs computations, and 
suggest that even single neurons can solve complex computational tasks. 


You could be the 11th winner of this award. 

The annual Eppendorf & Science Prize for Neurobiology honors young scientists for their outstanding contribu- 
tions to neurobiological research based on methods of molecular and cell biology. The winner and finalists are 
selected by a committee of independent scientists, chaired by Science’s Senior Editor, Dr. Peter Stern. 


To be eligible, you must be 35 years of age or younger. If you’re selected as this year’s winner, you will receive 
US$ 25,000, have your work published in Science and be invited to visit Eppendorf in Hamburg, Germany. 
Past winners and finalists have come from as far a field as China, Chile, India and New Zealand. 


Yes, it can happen to you. Enter your research now! 


eppendor F Science 
In touch with life AY AAAS 


eppendorf® is a registered trademark of Eppendorf AG, 


Germany. Copyright © 2012 by Eppendorf AG. 


LIFE SCIENCE TECHNOLOGIES \ 


Produced by the Science/AAAS Custom Publishing Office 


New Products 


PROTEIN PREPARATION KIT 

The Subcellular Protein Fractionation Kit enables the step-wise preparation of cyto- 
plasmic, membrane, soluble nuclear, chromatin-bound, and cytoskeletal protein frac- 
tions with less than 15% cross-contamination in two hours. The resultant samples are 
ideal for downstream analyses, including Western blotting, protein quantitation, elec- 
trophoretic mobility shift, and reporter gene assays. The versatile kit is optimized for 
use with a variety of tissue types, including liver, heart, brain, kidney, lung, and spleen. 
The Subcellular Protein Fractionation Kit contains optimized formulations and protocols 
for the specific protein fractionation of tissues samples, saving researchers time and 
money. The kit also includes the uniquely designed Thermo Scientific Pierce Tissue 
Strainer, which quickly separates cells or lysates from tissue debris after mechanical 
disruption. The device contains a 250 um mesh filter and fits into standard 15 mL coni- 


cal tubes. The Pierce Tissue Strainer is also available separately. 


Thermo Fisher Scientific 
For info: 800-874-3723 | www.thermoscientific.com/pierce 


PROTEASES 

Four new, high quality proteases are now offered: Pepsin, Elastase, 
Sequencing Grade Arg-C, and Thermolysin. These proteases are 
provided in a lyophilized format, enabling resuspension in any buffer. 
Applications include use in peptide mapping and protein identifica- 
tion experiments, and in characterization of posttranslational modifi- 
cations. Pepsin preferentially cleaves at the C-terminus of phenylala- 
nine, leucine, tyrosine, and tryptophan. Elastase is a serine protease 
that has a unique capability of digesting elastin, preferentially cleav- 
ing at the C-terminus of alanine, valine, serine, glycine, leucine, or 
isoleucine. Arg-C (clostripain) is a sequencing grade endopeptidase 
that cleaves at the C-terminus of arginine residues, including sites 
next to proline. Cleavage also will occur at lysine residues. Thermo- 
lysin is a thermostable metalloproteinase with optimal digestion tem- 
perature range of 65°C—85°C. Thermolysin preferentially cleaves at 
the N-terminus of the hydrophobic residues leucine, phenylalanine, 
valine, isoleucine, alanine, and methionine. 

Promega 

For info: 608-274-4330 | www.promega.com 


PEI TRANSFECTION REAGENT 

PElpro is the next generation of linear PEI (polyethylenimine) trans- 
fection reagents for large-scale production of proteins, antibodies, 
and viral vectors. PEl-based transfection reagent has been spe- 
cifically developed, formulated, and qualified to meet the needs of 
scientists working on large-scale transient transfection. PElpro is a 
unique, ready-to-use, and cost effective alternative transfection re- 
agent for customers using calcium phosphate or an expensive, un- 
qualified lipid based commercial reagent. The PElpro transfection 
reagent is an animal-free product supporting its use in clinical and 
therapeutic product development and production. PElpro is fully op- 
timized for the production of recombinant proteins by Transient Gene 
Expression (TGE) in a wide range of production platforms such as 
suspension-adapted mammalian cell lines cultivated in shaker 
flasks, platform shakers, or stirred tank bioreactors. PElpro can also 
be used for viral vector production using adherent cell lines culti- 
vated in serum-free culture media. 

Polyplus-transfection 

For info: +33-(0)-390-406180 | www.polyplus-transfection.com 


SERIAL FRACTIONATION 

Two-dimensional electrophoresis and mass spectrometry is routinely 
used for identification of novel proteins. However, the greatest chal- 
lenge in protein identification is achieving suitable resolution of pro- 
teins. The high dynamic range of a species’ proteome means that 
the more abundant proteins mask the less abundant and often more 
interesting proteins. By fractionation, one simplifies a protein mix- 
ture by reducing the amount and the number of protein species to 
be loaded onto the gel matrix. Fractionation produces less crowded 
individual protein maps, simplifying analysis and interpretation. G- 
Biosciences has developed a simple and reproducible method of se- 
rial fractionation of total cellular proteins. Fraction-FOCUS utilizes 
proven technology to fractionate and concentrate all proteomes into 
multiple fractions. The kit simplifies the protein composition and al- 
lows for improved resolution and simplified 2-D maps, which in turn 
allows for improved analysis and interpretation and greatly increases 
the chances of identifying novel and less abundant proteins. Frac- 
tion-FOCUS is fully compatible with 2-D electrophoresis or isoelec- 
tric focusing and other applications. 

G-Biosciences 

For info: 800-628-7730 | www.gbiosciences.com 


GEL IMAGING SYSTEM 

The new U:Genius® is a compact, simple to set up gel-imaging 
system, which comes with a sensitive 3 megapixel CCD camera 
inside a compact darkroom. The cost-effective system includes 
overhead Epi white light and is versatile, offering multiple illumina- 
tion options to allow high resolution imaging of 1-D DNA and pro- 
tein gels stained with a range of dyes. The U:Genius® features a 
built in processor and a simple to use, intuitive “button controlled” 
integral key pad. The system can be fitted with the new Ultra-Slim 
LED Blue Light Transilluminator in laboratories where safety and 
ultraviolet sample damage are issues. The transilluminator slides 
out of the darkroom to aid viewing and band cutting, and there 
is also a white light converter screen option available for scien- 
tists wanting to view protein gels, thus maximizing the use of vital 
laboratory space. 

Syngene 

For info: 800-686-4407 | www.syngene.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 


www.sciencemag.org/products 
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MATERIALS FOR ENERGY TECHNOLOGIES 


Ao TFTro mm™Mo 


Compliant Energy Sources 


Thermoelectric Materials Research and Device Development 
for Power Conversion and Refrigeration 


Electrocatalysis and Interfacial Electrochemistry 
for Energy Conversion and Storage 


Energy-Critical Materials 

Photovoltaic Technologies—Materials, Devices, and Systems 
Oxide Thin Films for Renewable Energy Applications 
Materials as Tools for Sustainability 

Small-Molecule Organic Solar Cells 

Functional Materials for Solid Oxide Fuel Cells 

Materials Aspects of Advanced Lithium Batteries 


Hierarchically Structured Materials for Energy Conversion 
and Storage 


SOFT MATERIALS AND BIOMATERIALS 


L 


M 


N 
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Biomimetic Nanoscale Platforms, Particles, and Scaffolds 
for Biomedical Applications 


Bioinspired Directional Surfaces—From Nature 
to Engineered Textured Surfaces 


Precision Polymer Materials—Fabricating Functional 
Assemblies, Surfaces, Interfaces, and Devices 


Next-Generation Polymer-based Organic Photovoltaics 


Single-Crystalline Organic and Polymer Semiconductors— 
Fundamentals and Devices 


Functional and Responsive Materials Exploiting Peptide 
and Protein Self-Assembly 


Fundamentals of Assembly in Biomolecular 
and Biomimetic Systems 


Directed Self-Assembly for Nanopatterning 

Membrane Material Platforms and Concepts 

for Energy, Environment, and Medical Applications 
Colloidal Crystals, Quasicrystals, Assemblies, Jammings, 
and Packings 


FUNCTIONAL MATERIALS AND NANOMATERIALS 


V 
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Geometry and Topology of Biomolecular and Functional 
Nanomaterials 


Carbon Nanomaterials 

Combustion Synthesis of Functional Nanomaterials 
Oxide Semiconductors 

Oxide Nanoelectronics and Multifunctional Dielectrics 


Recent Advances in Optical, Acoustic, and Other Emerging 
Metamaterials 


Optically Active Nanostructures 
Group IV Semiconductor Nanostructures and Applications 


2012 MRS FALL MEETING CHAIRS 


Chennupati Jagadish 
Australian National University 
jagadish.mrs@gmail.com 


Eric Stach 
Brookhaven National Laboratory 
stach.fall2012@gmail.com 


Thomas Lippert Ting Xu 


Paul Scherrer Institut 
thomas.lippert@psi.ch 


University of California, Berkeley 
tingxu.fall2012@gmail.com 


Amit Misra 
Los Alamos National Laboratory 
amisra@lanl.gov 


EE Diamond Electronics and Biotechnology— 
Fundamentals to Applications VI 


FF Semiconductor Nanowires—Optical and Electronic 
Characterization and Applications 


STRUCTURAL AND ADVANCED MATERIALS 
GG Mechanical Behavior of Metallic Nanostructured Materials 
HH Advances in Materials for Nuclear Energy 


ll Atomic Structure and Chemistry of Domain Interfaces 
and Grain Boundaries 


JJ Intermetallic-based Alloys—Science, Technology, 
and Applications 


KK Complex Metallic Alloys 

LL Scientific Basis for Nuclear Waste Management XXXVI 
MM _ Materials under Extreme Environments 

NN Structure-Property Relations in Amorphous Solids 


OO Properties, Processing, and Applications 
of Reactive Materials 


SYNTHESIS, CHARACTERIZATION, AND MODELING 
METHODS 


PP Frontiers of Chemical Imaging— 
Integrating Electrons, Photons, and lons 


QQ. Materials Informatics 


RR Advanced Multiscale Materials Simulation— 
Toward Inverse Materials Computation 


SS Quantitative /n situ Electron Microscopy 
TT Defects and Microstructure Complexity in Materials 
UU Scanning Probe Microscopy—Frontiers in Nanotechnology 


VV Advanced Materials Exploration with Neutrons 
and Synchrotron X-Rays 


WW Roll-to-Roll Processing of Electronics 
and Advanced Functionalities 


XX Materials and Concepts for Biomedical Sensing 


YY Low-Voltage Electron Microscopy and Spectroscopy 
for Materials Characterization 


GENERAL 


ZZ Communicating Social Relevancy in Materials Science 
and Engineering Education 


AAA The Business of Nanotechnology IV 


The second annual E-MRS/MRS Bilateral Conference on Energy 
will be comprised of the energy-related symposia at 
the 2012 MRS Fall Meeting. 


www.mrs.org/fall2012 


DON’T MISS THESE FUTURE MRS MEETINGS! 


XXI International Materials Research Congress (IMRC) 2012 
August 13-17, 2012 
Canctin, Mexico 


2013 MRS Spring Meeting & Exhibit 
April 1-5, 2013 
San Francisco, California 


MATERIALS RESEARCH SOCIETY 
Advancing materials. Improving the quality of life. 
506 Keystone Drive = Warrendale, PA 15086-7573 
Tel 724.779.3003 = Fax 724.779.8313 
info@mrs.org = Www.mrs.org 


Proteins 


Antibodies 
ELISAs 
Assay Services 
Activity Assays 
Stem Cells 
ELISpot Kits 
Flow Cytometry 


Cell Selection 


R&D Systems Tools for Cell Biology Research” 


R&D Systems Proteome Profiler’ Antibody Arrays 


Tired of Western Blots for 
Signal Transduction? 


Arrays are comprised of a nitrocellulose membrane pre-spotted in duplicate with a series of capture antibodies. 
Simply incubate the membrane with cell lysates, then detect phospho-proteins as you would a Western blot using 
the included detection antibody and chemiluminescence. 


Y No gel to run and no proteins to transfer 


” Simultaneously measure up to 59 phospho-proteins 


v Chemil 
Y No specialized equipment 


) hours of hands-on assay time 


luminescence detection 


is required 


Substrate 
Biotin ei ; 
minescence 


\ Streptavidin-HRP 


Target Analyte 


Detection Antibody 


Array Membrane 


| Capture Antibody 


IGF-I-Induced Kinase Phosphorylation 
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Kinase phosphorylation measured using the Proteome Profiler MAPK Array (Catalog # ARY002B). MCF-7 cells were treated with IGF-I 
(Catalog #291-G1). The Pl 3-Kinase inhibitor LY294002 (Catalog # 1130) suppresses the phosphorylation of kinases in the PI 3-K/Akt signaling pathway. 


For more information, visit our website at www.RnDSystems.com/ProteomeProfiler 


For research use only. Not for use in diagnostic procedures. 


R&D Systems, Inc. www.RnDSystems.com 
R&D Systems Europe, Ltd. www.RnDSystems.com 


R&D Systems China Co., Ltd. www.RnDSystemsChina.com.cn 
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BIOCLUSTERS 


There’s only one 
4 Science | 


Science Careers 
Advertising 


For full advertising details, go to 
ScienceCareers.org and click 
For Employers, or call one of 
our representatives. 


Tracy Holmes 

Worldwide Associate Director 
Science Careers 

Phone: +44 (0) 1223 326525 


UNITED STATES & CANADA 


E-mail: advertise@sciencecareers.org 
Fax: 202-289-6742 


Tina Burks 

Midwest/West Coast/ 
South Central/Canada 
Phone: 202-326-6577 


Elizabeth Early 
East Coast & Corporate 
Phone: 202-326-6578 


Marci Gallun 
Sales Administrator 
Phone: 202-326-6582 


Online Job Posting Questions 
Phone: 202-312-6375 


EUROPE & REST OF WORLD 


E-mail: ads@science-int.co.uk 
Fax: +44 (0) 1223 326532 


Simone Jux 
Phone: +44 (0)1223 326529 


Lucy Nelson 
Phone: +44 (0)1223 326527 


Kelly Grace 
Phone: +44 (0) 1223 326528 


JAPAN 

Yuri Kobayashi 

Phone: +81-6-6627-9250 
E-mail: ykobayas@aaas.org 


CHINA & TAIWAN 


Ruolei Wu 
Phone: +86-1367-1015-294 
E-mail: rwu@aaas.org 


All ads submitted for publication must comply 
with applicable U.S. and non-U.S. laws. Science 
reserves the right to refuse any advertisement 
at its sole discretion for any reason, including 
without limitation for offensive language or 
inappropriate content, and all advertising is 
subject to publisher approval. Science encour- 
ages our readers to alert us to any ads that 
they feel may be discriminatory or offensive. 
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D THE GEORGE WASHINGTON UNIVERSITY 
SCHOOLOF MEDICINE 
AND HEALTH SCIENCES 


Chair, Department of Microbiology, 
Immunology and Tropical Medicine (MITM) 


The George Washington University School of Medicine and Health Sciences is recruiting 
a chair for the Department of Microbiology, Immunology and Tropical Medicine (MITM). 
Areas of expertise in the department include HIV virology, emerging infectious 
diseases, tropical medicine and the immunology of infectious diseases. The successful 
candidate will assume the Ross Professorship of Basic Science Research and will lead 
a significant expansion of the department with the responsibility for recruiting four 
research-active tenure track faculty. Competitive salaries and start-up funds will be 
available for all new faculty. 


Basic Qualifications: The successful candidate will be an internationally recognized 
scientist in an appropriate field with a Ph.D. and/or a M.D. degree and an outstanding 
record of extramurally funded research. The candidate will be eligible for tenure at 
the Professor level and will have significant peer-reviewed publications in the highest 
quality journals. 


Preferred Qualifications: Experience in mentoring faculty, in educational programs 
for Ph.D. and M.D. students, and in leading interdisciplinary collaborations is preferred. 


The Department is currently undergoing a $15 million NIH-funded CO6 renovation 
with expansion and renovation of laboratories to provide state-of-the-art facilities 
including modular laboratories and core research facilities. When completed in the fall 
of 2013, the department will have 25,000 square feet of laboratory space. Available 
core facilities include flow cytometry, a center for microscopy and image analysis with 
an electron microscope and 3 confocal laser scanning microscopes, a genomic and 
proteomic core, a Biosafety Level 3 facility, a cancer and AIDS tissue bank and a 
transgenic animal facility. 


The successful candidate will foster a close relationship with other University groups, 
in particular the Division of Infectious Diseases in the Department of Medicine and the 
Department of Epidemiology and Biostatistics in the School of Public Health and 
Health Services. There is an NIH-funded Developmental Center for AIDS Research that 
is very active in Washington, D.C. and will be a major collaborator with MITM. GWU is 
a partner with Children’s National Medical Center in a $20 million NIH-funded Clinical 
and Translational Science Award. Core facilities available at CNMC include an imaging 
core with 2-photon and confocal spinning disc microscopes, a genomics and 
proteomics core (with an Illumina HiScanSq, a Pacific Biosciences (PacBio RS) Single 
Molecule system, and an lon Torrent system) and several mass spectrometers. Other 
important collaborations exist between MITM faculty and scientists in the GWU 
Columbian College of Arts and Sciences and with investigators at the National 
Institutes of Health. 


Besides the important role that the Department plays in teaching medical students, 
MITM is a component of the Institute for Biomedical Sciences in the School of Medicine 
and offers a Ph.D. program in microbiology and immunology. 


The George Washington University Medical Center includes the School of Medicine and 
Health Sciences and the George Washington University Hospital, a 370 bed tertiary 
care hospital located in downtown Washington, D.C., 6 blocks from the White House. 
The School of Public Health and Health Services is located in close proximity to Ross 
Hall and provides an opportunity for collaboration in a number of areas including 
Health Policy and Global Health. 


Application Procedure: Interested parties should submit a curriculum vitae with 
complete bibliography and funding history, a detailed statement of research and 
leadership accomplishments, and an optional letter of interest to: 

Dr. Ilene H. Nagel 

Consultant to the Search Committee 

Leader, Higher Education Practice, Russell Reynolds Associate 

GWUMicrobiology@russellreynolds.com 
Only complete applications will be considered. Review of applications will begin on 
May 6, 2012 and continue until the position is filled. The George Washington University 
is an Equal Opportunity/Affirmative Action Employer. 
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Opportunities in 
the Eastern U.S. Life 
Sciences Clusters 


For scientists pursuing careers in biotech, clusters of life science- 
related companies and research institutions in the eastern United 
States may be a promising place to look for jobs. These so-called 
bioclusters have a 30-year history in the region and, in recent 
years, have seen an uptick in active support from academic 
institutions and state and local governments. We focus on three 
leaders in the region, the bioclusters in Massachusetts, Maryland/ 
Washington, DC, and North Carolina. By Shawna Williams 


a | 


Peter Abair 


ioclusters have their roots in a pair of 1980 government 

decisions, explains Peter Abair, head of economic 

development and global affairs at the Massachu- 

setts Biotechnology Council, an industry group. One 
of these, the Bayh-Dole Act, for the first time allowed discover- 
ies made with federal dollars to be licensed for commercial pur- 
poses. The other was a Supreme Court decision that DNA could 
be patented. 

“These two federal decisions really created the biotech busi- 
ness, made it a viable business,” Abair says. But research institu- 
tions making potentially translatable discoveries aren’t enough to 
make a successful biocluster. “Workforce and access to capital are 
the two most important things,” he says. “And then proximity to 
other resources like hospitals,” which can collaborate with compa- 
nies on research, such as with clinical trials. “Not every [biocluster] 
in the world has the combination of all of those things,” he says. 
Early biotech companies clustered in the San Francisco Bay Area 
and in Massachusetts, Abair says, because these regions boasted 
a combination of top research universities, a qualified workforce, 
and investors who saw promise in biotech. 

Matt Jackson, a managing director at the financial and profes- 
sional services firm Jones Lang LaSalle, says that Massachusetts 
remains the standout among the eastern U.S. bioclusters because 
its life sciences infrastructure and high quality of life enable it to 
bring in world-class talent. Jackson is the co-author of a recent 


—T' 


Back Bay in Boston F)/, 


Cherry Blossoms in Washington, DC 


s 


Sunrise in the North Carolina Research Triangle 


report that ranked Massachusetts first among the nation’s bioclus- 
ters based on factors such as number of science and engineering 
students and amount of National Institutes of Health (NIH) and 
venture capital funding. New York/New Jersey, Maryland/Wash- 
ington, DC, Philadelphia, and Raleigh-Durham were all in the 
report’s top 10, while Florida and Atlanta, ranked 14th and 15th 
respectively, were classed as “emerging” bioclusters. 


MASSACHUSETTS: THE GIANT 

The seeds of the Massachusetts biocluster were planted in 1981, 
when Biogen (now Biogen Idec), a biotech company founded 
in 1978 in Switzerland, moved to Cambridge. More biotech 
companies sprang up in Cambridge over time, as well as in other 
parts of Massachusetts. Biogen Idec, which still does its R&D in 
Cambridge, reaps the benefits of being located in a cluster, says 
Naomi Aoki, the company’s director of public affairs. 


UPCOMING FEATURES | > 


Bioclusters: Western U.S.—May 4 
Biotech/Pharma: Navigating Mergers/Acquisitions—June 8 


Diversity: Promoting New Perspectives—July 20 
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“Clearly we think that the cluster around Cambridge is special; 
there’s a critical mass and a density that does foster collaboration 
and thereby breed innovation,” she explains. In addition to fostering 
research collaborations, that critical mass means it’s easy to find 
supporting industries, such as law or finance firms, that understand 
the needs of the biotech field, she says. 

As competition from other bioclusters has increased, the state 
government has looked for ways to make Massachusetts even 
more attractive for biotech; the governor announced in 2007 that 
the state would invest $1 billion over 10 years in life sciences. 
Shortly afterward the state launched the Massachusetts Life Sci- 
ences Center (MLSC), which promotes biotech in the state in vari- 
ous ways, notably by giving grants and loans to companies at a 
critical stage. These funds aim to bridge the so-called valley of 
death between basic research funded by NIH and evidence of 
commercial applicability strong enough to attract private capital. As 
Sankaran Thayumanavan, a chemistry professor at the Universi- 
ty of Massachusetts, Amherst, explains, academics are often only 
interested in—or only funded for—solving basic research ques- 
tions, while corporations like to see that a drug or device works in 
animals before stepping in. “Our goal is to de-risk these companies 
by helping them achieve some milestones,” so that the state funds 
serve as “a magnet for other capital,” says Susan Windham- 
Bannister, president and CEO of the MLSC. 

Massachusetts’ colleges and universities are also increasingly 
embracing their role as educators of the biotech workforce. The 
improved economy has led to an uptick in industry hiring in the 
state, which is good news for life sciences grads, says J. Lynn 
Griesemer, associate vice president for economic development 
at the University of Massachusetts and executive director of the 
UMass Donahue Institute. But Massachusetts’s colleges and uni- 
versities have had an eye on industry for more than a decade, 
Griesemer says, citing the addition of bioinformatics to computer 
science programs and clinical trials training to medical school cur- 
riculums as early examples. Since then, new education opportuni- 
ties have ranged from internship programs, to community college 
instructors working with industry to update their curriculums, to a 
new Master’s degree in professional science, which encompasses 
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both scientific principles and management techniques, offered at 
UMass-Lowell and Northeastern University. “It is really an attempt 
by higher education institutions to fit this growing market and this 
growing area of great promise for Massachusetts,” Griesemer 
says. As for the industry, she sees companies beginning to do not 
only research and development, but also manufacturing, in the 
state. “What that does is open up for the industry the ability to hire 
people who are not just at the bachelor’s and above, but people 
with seriously good technical training coming out of vocational 
schools, high schools, and community colleges,” she explains. 
Another trend affecting the industry in Massachusetts and else- 
where is the surge in popularity of personalized medicine, says Pe- 
ter Abair of the Massachusetts Biotechnology Council. “It’s smaller 
plants that are using different technologies that are more agile and 
can shift from developing one medicine to another, it’s the develop- 
ment of companion diagnostic technologies that will help identify 
the people that this particular drug will work best for,” he says, 
predicting that personalized medicine will create a “different dy- 
namic in terms of how the industry is funded and how medicines 
are manufactured in the future.” Indeed, according to a report last 
year by the research and management organization Battelle, “In 
2010 alone, the human genome sequencing projects and asso- 
ciated genomics research and industry activity directly and indi- 
rectly generated $67 billion in U.S. economic output and supported 
310,000 jobs that produced $20 billion in personal income.” 


MARYLAND/WASHINGTON, DC: 
THE BELTWAY ADVANTAGE 
Even in states whose clusters have not 
achieved Massachusetts’s top-tier sta- 
tus, biotech can give a much-needed 
boost to the economy. Between 2002 
and 2010, life sciences accounted for 
one-third of the job growth in Maryland, 
according to the Maryland Biotechnol- 
ogy Center, a state-run organization. 

Judy Britz, the center’s executive director, says that a distin- 
guishing feature of Maryland’s biocluster is its proximity to gov- 
ernment agencies and laboratories. “Thirty years ago many com- 
panies were based on offering products and services to support 
the federal labs,” she explains. Over time, many of those early 
companies have grown into other areas; Britz gives the example 
of Martek Biosciences, which produces fatty acid additives found 
in almost all infant formulas in the United States. The company, 
which uses algae and fungus to produce the acids, grew out of 
research at the defense and aerospace contractor Martin Marietta 
in the 1980s that aimed to develop algae into food products that 
could be used during long-term space flight. 

Proximity to Washington also gives even small companies 
opportunities to meet lawmakers and affect policymaking, says 
Peter Greenleaf, president of MedImmune, which for 25 years 
has been based in Gaithersburg, Maryland, a Washington suburb. 
When it comes time to apply for regulatory approval, companies 
in the area can also draw on a local talent pool of former agency 
employees, he says. continued> 


Judy Britz 
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Postdoctoral Fellowships 


Available \ 
The Lombardi Comprehensive Cancer | B D 
Center at Georgetown University, a 


multidisciplinary NCI-designated comprehensive LIEBER INSTITUTE for 


cancer center, is currently recruiting postdoctoral 
fellows into positions funded by an NCI training BRAIN DEVELOPMENT 
grant. The goal is to develop strong basic and MALT? RESEARCH LABORATORIES 
translational scientists with an interest in cancer 
research. Successful applicants will choose a The Lieber Institute for Brain Development opened the doors to its new laboratories in 2011 as 
mentor from an interdisciplinary group of inves- the only institution in the world focused exclusively on understanding the neurodevelopmental 
tigators who are committed to cancer research. origins of schizophrenia and related psychiatric disorders and translating this understanding 


ReScarON ErORIAS ONCE into better treatments that improve the lives of affected individuals. 
The role of growth factor signal pathways 


The development of hormone and drug 
resistance 


online @sciencecareers.org 


The Institute was conceived from the realization that a new approach is needed to fully exploit 


The genetic and molecular mechanisms of current and unprecedented opportunities to help affected individuals and their families. We 
malignant progression aim to reshape the research landscape by providing new tools for scientific discovery and new 
Invasion metastasis angiogenesis approaches to building the partnerships essential for achieving our ambitious mission. 


Stem cells in cancer 


Development of novel immunological and The Lieber Institute is located in a brand new state-of-the-art facility on the medical campus 


anticancer therapies of the Johns Hopkins University in Baltimore, MD, with which it is formally affiliated. 
The etiology of cancer, biomarkers, and 


molecular epidemiology 
* Bioinformatics and cancer 
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The Lieber Institute is recruiting talented basic and translational scientists for junior 
faculty and post-doctoral positions who are working on human genetics, bioinformatics 
and computational biology. These individuals will have access to our programs in clinical 
science and neuroimaging, molecular genetics, next generation sequencing and stem cell 


Go to http://lombardi.georgetown.edu/ 
education/TBIO/postdoc.html for further 


Scientific Administrator who, in partnership 
with the Director, identifies and facilitates 
opportunities for collaborative basic and 


translational research funding for Program ace , ‘ 
faculty. The Scientific Administrator is Antimicrobial Research and Discovery 


responsible for planning and managing the We are seeking an expert in basic research related to antimicrobial agents, and/or a specialist in 
administrative and scientific business affairs antimicrobial discovery. Specific areas of interest include antimicrobial agents acting against bacterial 
of a large, complex department involved in or protozoan pathogens. 
education, research, and service. 
Minimum Qualifications: PhD in the Medicinal Chemistry for Neglected Tropical Diseases 
biological sciences or related field; Master’s We invite applications from experts focused on medicinal chemistry and natural product approaches 
degree in Business and 3 years’ experience as for anti-infective drug discovery, particularly pertaining to those diseases relevant to Global Health. 
an soe a also preferred, OR | Responsibilities will include establishment of an independent, externally funded research program, 
ree a ae ipa Eaaeeci particularly in the context of a multi-disciplinary drug discovery team. 
The P “ed of mn Sener aennerae ae h Public Health for Neglected Tropical Diseases 
hichly eu 2 43 faculty la oravones wit We seek proven experts in the area of public health practice and policy making who are interested in 
ighly successful, funded research programs : Aa : ; : 
including 3 HHMI investigators. We offer applying their skills toward strengthening health systems to respond to the high burden of NTDs in 
competitive salaries and benefits. low- and mid-income countries. Experience in health practice, systems or policy related to major 
FE full f : a NTDs such as schistosomiasis, leishmaniasis, onchocerciasis, Human African trypanosomiasis, 
or a full copy of the job description d ait eae eet near : ; ‘ oe 
and to apply online, please visit: racunculiasis and lymphatic filariasis, especially at the international level, is vital. 


http://www.umassmed.edu/hr and oR) 


search for position #2012-19289. 
As an equal opportunity and affirmative action To view full job deseriptions, visit ‘ ae 
employer, the University of Massachusetts Northeastern.edu/cos/pdfs/drugdiscoverypositions.pdf, or scan the QR code: | 
Medical School recognizes the power of a 
diverse community and encourages applications Although we are seeking applicants at the assistant and associate professor level, applicants at all levels will be 

from individuals with varied experiences, considered. Northeastern University is an Equal Opportunity, Affirmative Action Educational Institution and Employer, 
perspectives and backgrounds Title IX University. Northeastern University particularly welcomes applications from minorities, women and persons with 
disabilities. Northeastern University is an E-Verify Employer. 


information. 
. a ; biology. Successful candidates will be committed to a common mission, a team effort, 
Salary is competitive and commensurate with : : P : : . e 
aaa : : and collaborations across academia and industry. Interested applicants should submit their 
qualifications and experience. Applicants should : : ; WY 
end ourriGulum-vitaé. a short statement of curriculum vitae, a statement of research goals and interests, and the names and contact ra 
research interests and career goals, and the names information of three references to: jobs@libd.org. =| 
and addresses of three references to Karen Shep- zm 
herd at bivinsk@georgetown.edu. The Lieber Institute is an Equal Opportunity Employer. Pv, 
Minorities and women are strongly encouraged : Ww 
to apply. US citizenship or permanent residency www.libd.org = 
is required. wn 
Lu 
ee 
Ales ) Northeastern Universit a 
A lassachusetts y 

UMASS. Medical School V Ww 
College of Science iP 
S . tifi Northeastern University is a center of use-inspired innovation, with multidisciplinary research teams = 
Cclentiric focused on solving the complex problems of our society. We have initiated a search for a cluster of = 
Administrator tenure or tenure-track faculty members (any level) to build on established strengths in Drug Discovery, U 
j = Delivery, and Diagnostics with initial emphasis in the three areas of Antimicrobials, Neglected Tropical o) 
The Program in Molecular Medicine seeks a Diseases (NTDs), and Global Public Health. Applicants from both academia and industry are welcome be 
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to form the centerpiece of the new Global Health Initiative at Northeastern University. 
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Bioclusters: Eastern U.S. 


As in Massachusetts, biotech companies in Maryland can 
also get direct help from the state government. In 2009, the 
governor announced a planned $1.3 billion, 10-year life sciences 
investment. The two-year-old Maryland Biotechnology Center is 
part of that initiative; it aims to be a one-stop shop for life science 
companies moving to or already in the state, providing everything 
from free libraries with subscriptions to specialized and expensive 
information resources, to programs to train a skilled workforce, to 
expert advice. The center also awards about 10 small grants per 
year to “drive projects from bench to bedside,” says Britz. 

The region’s academic institutions have also begun to more ac- 
tively foster industry collaborations of various kinds. Baltimore’s 
Johns Hopkins University School of Medicine, not content with 
its proximity to the established biocluster in the Maryland sub- 
urbs of Washington, DC, even launched a research park next 
to the school. Planning for the biopark began over a decade 
ago, and the first research building opened in 2008. So far, the 
278,000 square-foot building’s tenants lean toward neuroscience, 
says Helen Montag, senior director of corporate relations at the 
School of Medicine. They include the Hopkins Brain Science In- 
stitute, the non-profit Lieber Institute for Brain Development, and 
Siemens Medical (which focuses on magnetic resonance im- 
aging) as well as non-brain-related groups. There are plans for 
another 600,000 square feet of lab and office space in the park. 
Meanwhile, across town, the University of Maryland is also build- 
ing its own park, which now has two commercial buildings with 
a total of 470,000 square feet, and plans to reach 1.8 million 
square feet. 

Greenleaf says his company has hired talented graduates of 
local institutions such as the University of Maryland, Baltimore 
(where he sits on the board), Hopkins, and George Washington 
University. MedImmune also participates in curriculum develop- 
ment and career day activities at community colleges and schools 
in its home county, he said. The head of human resources at Qia- 
gen’s U.S. headquarters in Germantown, Maryland, Paula Green, 
cites Montgomery College, the University of Maryland, Hopkins, 
and Georgetown University as local institutions that do a particu- 
larly good job of preparing students for careers in biotech. 
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NORTH CAROLINA: A TRADITION OF INNOVATION 
The history of North Carolina’s biocluster is older than that of bio- 
tech itself. In 1959, in an effort to help the state economy and 
promote high-tech industry, a public-private coalition created Re- 
search Triangle Park (RTP, so named because it lies within the 
triangle formed by Duke University in Durham, North Carolina 
State University in Raleigh, and the University of North Carolina at 
Chapel Hill). Today more than a third of RTP’s 170 companies are 
biotech, says Bob Geolas, president and CEO of the RTP Foun- 
dation, which runs the park. The biotech companies sit alongside 
neighbors as varied as IBM, Bank of America, and the Centers 
for Disease Control and Prevention’s Center for Health Statistics. 

The mix of companies at RTP isn’t the only thing that’s changed 
over time. “I think initially there wasn’t so much thinking about 
collaboration,” Geolas says. “Probably in the ‘80s and ‘90s in 
particular, it was a brand, it was an address.” Now, however, 
companies both inside and outside the park are increasingly 
looking for ways to collaborate not only with research universities, 
but also each other, he says. This need for collaboration figures 
prominently in the RTP Foundation’s plan to revamp the physical 
look and feel of the park. “If you came to RTP [now] you’d see big 
corporate buildings surrounded by a lot of green space,” Geolas 
explains. But plans for the next several years include “common 
courtyards, common plazas, more parking, more coffee shops, 
more sandwich shops—more places where people can share 
ideas and run into each other,” he says. “A research park is 
different from a business park or an office park, because it should 
be an environment that is all about innovation.” 


Featured Participants \ 
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NORTH CAROLINA STATE UNIVERSITY 


N.C. State’s Centennial Campus’ Biomanufacturing 4 
Training and Education Center’s Upstream Bioprocessing Lab 
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RTP isn’t alone in trying to create a favorable environment 
for technological innovation; North Carolina was a pioneer in 
investing public money in the biotech industry. Its state-funded 
North Carolina Biotechnology Center (NC Biotech), started 28 
years ago, now pours about $100,000 each year into the biotech 
sector. To Norris Tolson, president and CEO of NC Biotech, it’s 
clear that this investment is paying off. “During the downturn, 
biotech services was the only part of our economy that didn’t have 
negative job growth,” he says. “In a state of 9.3 million people, 
roughly 225,000 earn their living either directly or indirectly from 
the biotech industry.” 

As in Massachusetts and Maryland/Washington, DC, higher 
education institutions in North Carolina have taken notice of these 
opportunities. In the state’s community colleges, there are now 
about 4,000 students receiving training in skills needed to work 
in the industry, says Tolson. NC Biotech itself runs a summer 
research program for undergraduates, a two-year postdoctoral 
program for Ph.D.’s considering a career in industry, and even a 
series of workshops on biotech-related science for junior high and 
high school teachers. North Carolina State University’s Centennial 
Campus includes a facility, the Biomanufacturing Training and 
Education Center (BTEC), that includes an actual manufacturing 
plant like that used to produce vaccines, monoclonal antibodies, 
fusion proteins, and other drugs. The state-funded facility came 
about because of feedback from biotech companies who wanted 
to avoid raiding each other’s talent pools, explains Bill Welsh, 
BTEC’s associate director of strategic support. 

Companies can also mentor prospective employees more di- 
rectly. At GlaxoSmithKline, which bases some of its U.S. opera- 
tions inside RTP, researchers interact closely with the triangle’s 
big three research universities, says Paul Feldman, a senior 
vice president at the company. For example, at the 10-year-old 
University of North Carolina Center of Excellence in Pharma- 
coepidemiology and Public Health, initiated through a grant 
from GlaxoSmithKline, the company’s researchers serve as 
guest lecturers, advise graduate students, and receive train- 
ing themselves in new research methods. GlaxoSmithKline also 
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hosts a kind of open house where graduate students can learn 
about the company and what it takes to pursue a career there, 
Feldman says. 

But North Carolina biotech companies are at a disadvantage 
when it comes to attracting private funding. According to Jones 
Lang LaSalle’s Matt Jackson, Massachusetts boasts the highest 
concentration of venture capital (VC) firms among established 
eastern U.S. bioclusters, with more than 70 in the New England 
area. The Washington, DC area has about half that, Philadelphia 
has about 25, and “from there it really drops off,” he says. 
Without local venture capital firms—particularly firms that know 
biotech—it can be difficult for startups to get off the ground. In 
hopes of persuading investment firms to open offices in the area, 
NC Biotech last year rounded up representatives from seven 
Research Triangle-area companies to travel to Silicon Valley to 
meet with investors. Though Peter Ginsberg, NC Biotech’s vice 
president of business and technology development, admits that no 
VCs have so far announced plans to move to the state, “A number 
of the companies that took part have had significant follow-up 
discussions with the participating VCs, and one of the companies 
has made two follow-up visits to the Bay Area to meet with the 
VCs,” he says, adding that a similar event is planned for Boston 
this spring. 

Asked what advice he would offer someone considering a ca- 
reer in biotech, Jones Lang LaSalle’s Jackson says that gener- 
ally, established bioclusters, such as those in Massachusetts, 
Philadelphia, Maryland/Washington, DC, and North Carolina, 
are the safest bet. “You're starting to see a lot of consolida- 
tion of R&D activities into areas of core competencies,” he 
says, aS operations are moved from other areas into clusters. 
Overall, he says, “The long term outlook for the industry is 
very good.” 


Shawna Williams is a freelance writer based in Okinawa, Japan. 
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qT CAMPBELL (i Georgia Health 


VERSITY Sciences University 


SCHOOL OF OSTEOPATHIC MEDICINE ; : 
(PROPOSED) Assistant, Associate, or Full Professor 


of Neurobiology 
FOUNDING BIOMEDICAL SCIENCE CHAIRS institute of Molecular Medicine 


The proposed Campbell University School of Osteopathic and Genetics 
Medicine (CUSOM) is currently in the accreditation review 


process, with anticipated matriculation in August 2013. The Georgia Health Sciences University (GHSU) (formerly the 

Biomedical Science Chair positions available: Medical College of Georgia) invites applications for an Assistant, 

Associate, or Full Professor position (tenure-track or tenured) in 

Chair of Cellular and Molecular Biology the Institute of Molecular Medicine and Genetics. Candidates 

Chair of Microbiology should have a PhD or MD; postdoctoral experience; interests in 

Chair of Pathology neural development, synaptic plasticity, or disorders of the central 

Chair of Pharmacology or peripheral nervous systems; and a strong record of research 

toe ; ; accomplishments. Faculty members are expected to establish or 

This is a wonderful opportunity to help develop a creative, have cutting edge research programs and participate in teaching 

vibrant, student-centered learning community in a faith-based medical and graduate students. GHSU is a state supported aca- 

environment. Please submit CV, letter of application, and demic medical center located in a historic city with outstanding 
contact information for three references, electronically to: recreational and lifestyle opportunities. 


Michael Mahalik, PhD 
Senior Associate Dean for Academic Affairs and Research 
cusomemployment@campbell.edu 


online @sciencecareers.org 
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Please apply for this position at www.georgiahealth.edu/ 
facultyjobs and reference position #9347. Submit a CV, a state- 
ment of current/future research interests, and contact information 
Review of applications will begin immediately and continue until for three references to: Dr. Darrell Brann, c/o Deenie Cerasuolo 
suitable candidates are found. (dcerasuo@ georgiahealth.edu). Applications will be received 


CUSOM is committed to affirmative action, equal opportunity until the position is filled. 


and the diversity of its workforce. . 
GHSU is an EEO/AA/Equal Access Employer. 


www.campbell.edu/cusom 
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The Channing Division of Network Medicine at Brigham and Women’s Hospital i i 
seeks to fect 2-3 new faculty in the area of systems Lalogg and network jaedicine oC | L N CE 
to help structure this new program by working with existing faculty who have e 
ee in statistics, geod, seeing genetic fee se leay, and BU S| N ESS | 
genomics of complex human diseases. Channing is the home of the ongoing Nurses’ - 
Health Study, with 35 years of follow-up and repeated detailed information on diet R C SEARC H 
and lifestyle from 120,000 women. From this and many other cohorts, we have 
DNA samples from more than 300,000 individuals. The Division has its own freezer AD RS H | P | 
storage system and extensive computer resources. 


Professor or Associate Professor (1 Appointment) 


The Division seeks applicants at the professor level to help structure this new 
rogram by working with existing baile who have expertise in statistics, 
Eioiafotrnaries, epidemiology, genetic epidemiology, and genomics of complex 
human diseases. Expertise in computational biology is preferred. The successful 
applicant will conduct his/her own research and collaborate with over 50 current 
faculty and almost 200 support staff. The goal is to develop a program in network 


CHAPMAN-KGI SCHOOL OF 
BIOPHARMACY SEEKS FOUNDING DEAN 


AND ASSOCIATE DEANS 


medicine that will collaborate with multiple divisions within the Department of Bek ‘ 
Medicine at BWH. ...10 lead the exciting collaboration of Chapman 
Instructor/Assistant Professor (1-2 Appointments) University and Keck Graduate Institute to prepare 
The Division seeks junior faculty applicants looking to build their own research : . . 
rograms that will, at least in part, leverage the extensive study populations, innovative pharmacists for Qa new era ot health 
Biological samples, and genetic/genomic data which currently exist at ie Division. d i d . ape . h 
They will develop collaborations with existing faculty who have expertise in statistics, care ae very an EMETG | Ng opportunities in the 
bioinformatics, epidemiology, genetic epiecicloey and genomics of complex lif . . d C d Ph D | 
human diseases. Expertise in computational biology is eine Appointment at Ifé SCIENCES IN ustry. raquate armUs WI 
H ‘d Medical School i h th . Te ‘ F 
nee pore is expected at an academic rank commensurate with the bring sophisticated knowledge of applied life 
Applicants should send a letter detailing their interest and CV to the Chair Search sciences to health care deliver and knowled e 
Committee by June 1, 2012. y, g 
Scott T. Weiss, M.D., M.S. about thera peutics, thera py management, 
Prof f Medici : : ‘ 
henicietes TD irecton Channing Labacatony pharmacoeconomics, informatics, and regulatory 
Director, Partners Center for Personalized Genetic Medicine ffi j j j 
stip peal cual Mena rg affairs to shape discovery and drug delivery in 
clo Mellie Sanchez biotechnology and pharmaceutical companies. 
Email: mellie.sanchez@channing.harvard.edu 
Brigham and Women’s Hospital and Harvard Medical School are equal opportunity employers; fo C H A fr hell A »] 
therefore, women and minority applicants are especially encouraged to apply. c Bu mak RSITY 
Send CV and letter o VERS 
HARVARD MEDICAL SCHOOL . : 
BRIGHAM AND interest to: 
WOMEN’S HOSPITAL dean.search@kgi.edu  gsex-cuawuare ineiiture 
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Associate or 
Full Professor, 


Term Tenure Track 


Department of 
Molecular Carcinogenesis 


THE UNIVERSITY OF TEXAS 


MD Anderson 
farecer Center 


Making Cancer History* 


David Johnson, Ph.D. 
Professor and Deputy Chair 
Department of Molecular 
Carcinogenesis 

1808 Park Road 1C 

P.O. Box 389 

Smithville, TX 78957 


Applicants with outstanding research 
accomplishments are invited to 
apply for a full-time, tenure-track 
faculty position at the rank of associate 
or full professor in the Department 
of Molecular Carcinogenesis at 
Science Park. Department members 
do multidisciplinary research on cellular, molecular, and genetic 
mechanisms related to cancer development and prevention. A new area 
of emphasis in the department is cancer epigenetics and chromatin 
biology. Applicants should have a strong, innovative research program 
that focuses on molecular mechanisms of environmentally-induced 


cancers or related topics. 


Applicants will have a successful track record of independent 
peer-reviewed funding as principal investigator on research projects 
funded by the National Institute of Environmental Health Science 
(NIEHS) or other peer-reviewed funding. Preference will be given to 
candidates with a national reputation and leadership experience. 
Minimal graduate level teaching responsibilities are required but the 
successful applicant will have a strong commitment to mentoring 


graduate students, postdoctoral fellows and junior faculty. 


The applicant must have earned a PhD or equivalent degree in 
environmental carcinogenesis, toxicology, biochemistry, molecular 
biology, pathology, genetics or a closely related field. Completed 
postdoctoral experience in a leading research laboratory and at least 


5 years of faculty experience are required. 


The applicant must be committed to working in a highly collaborative, 
interdisciplinary environment. ‘The department is well funded with 
many outstanding core support services, including facilities for 
molecular biology (genotyping, genomics, and next generation 
sequencing), flow cytometry, histology, pathology, and genetically 
engineered mouse facilities. Science Park is home to the Center for 
Research on Environmental Disease, which also includes faculty at 
the University of Texas at Austin and the main MD Anderson campus 
at Houston. Additionally, the department is home to two MD Anderson 


Institute of Basic Science Centers of Excellence: Center for Cancer 


Epigenetics and Center for Environmental and Molecular 


Carcinogenesis. Leadership opportunities in these centers are available 
to the successful applicant. Refer to the Science Park web site for 
additional information about research, current faculty members, 
department resources and educational programs: 


http://sciencepark.mdanderson.org/ 


Candidates should submit a statement of research interest, curriculum 
vitae and letters of reference by April 30, 2012 to the following 


email address: MDAC Csciencepark@mdanderson.org 


MD Anderson Cancer Center is an equal opportunity employer and does not discriminate on the basis of race, 
color, national origin, gender, sexual orientation, age, religion, disability or veteran status except where such 
distinction is required by law. All positions at The University of Texas MD Anderson Cancer Center are security 
sensitive and subject to examination of criminal history record information. Smoke-free and drug-free facility. 


Call for applications for the positions of 
Research Scientist / Technical Scientist 


RIKEN has openings for research scientists and technical 
scientists at the following laboratories. 


[RIKEN Advanced Science Institute] 

Cellular Memory Laboratory 
http://www.riken.jp/engn/r-world/info/recruit/k 120615 _e_asi-html 
Cellular Informatics Laboratory 
http://www.riken.jp/engn/r-world/info/recruit/k120615_e_asi_2.html 
Theoretical Molecular Science Laboratory 
http://www.riken.jp/engn/t-world/info/recruit/k120615_e_asi_3.html 
Quantum Optodevice Laboratory 
http://www.riken.jp/engn/r-world/info/recruit/k120615_e_asi_4.html 


[RIKEN Nishina Center for Accelerator-Based Science] 
Safety Management Group 
http://www.riken.jp/engn/r-world/info/recruit/k120615_e_rnc.html 


[RIKEN SPring-8 Center] 
Biometal Science Laboratory 
http://www.riken.jp/engn/r-world/info/recruit/k120615_e_rsc.html 


[Conditions] 

A tenured fulltime position until RIKEN’s retirement age of 60. 
However, the applicant may be offered instead a five-year 
fixed-term employment contract depending on the selection 
results. In this case, the employee can move to a tenured 
position after undergoing a successful review to be held at the 
end of the first 3 years of employment. Annual salary and other 
conditions of the fixed-term contract position are the same as 
for the tenured position. Salary shall be determined on an 
annual basis subject to the applicant's experience and 
performance. These and other provisions are in accordance 
with RIKEN regulations. 


[Application] 
The required documents differ according to the laboratory. 
Refer to the each URL mentioned above for more details. 


[Deadline] 
5:00 p.m. on Friday, June 15, 2012 (Japan Standard Time) 


[Start of Employment] 
October 1, 2012 or later, but negotiable 


[Submitting Documents and Making Inquiries] Research 
Affairs Section, Advanced Research Promotion Division, 
RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198 Japan 

E-mail: rps-saiyo24(please add "@riken.jp" to complete the 
address) Email attachments and telephone calls cannot be 
accepted. When you mail your application, please send as 
certified mail so that there will be a record of delivery. Please 
write in red_on the front of the envelope, the name of the 
laboratory you are applying for. 


http://www.riken.jp/engn/r-world/info/ 


recruit/index. html 
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Science Careers 


Novo Nordisk China R&D center is an integrated part of 

Novo Nordisk’s R&D organization. Biopharm Research 

China (BRC) is one of the research units in Novo 

Nordisk China R&D and a fully integrated part of the 

L . ,@ Biopharmaceuticals Research Unit (BRU) in Denmark. 

nowe no rd is kk We are committed to developing innovative biologics to 

improve the lives of people with haemophilia, growth 

disorders and autoimmune inflammatory diseases. By leveraging our core competences 

in protein and antibody engineering & production, we support Novo Nordisk pipeline 

projects in turning naturally occurring proteins into valuable pharmaceuticals and 

identifying new molecular targets for the treatment of diseases. Currently BRC consists 

of three research departments: Molecular Biology, Protein Chemistry, and Cell Biology. 

Our ability to excel depends on the integrity, knowledge, dedication, and teamwork 

from each employee. Joining us, you will have the opportunity to collaborate with 

talented colleagues in an international environment as well as to develop and expand 
your career. We are currently seeking for talents for the following positions. 


Senior Scientist/Principal Scientist (job code:BRC6169): Bioinformatics and 
scientific computing, Protein Chemistry Department 


Responsibilities: Play a primary role in bioinformatics and scientific computing 
tasks including protein design, protein and antibody sequence analysis, database set 
up, management and maintenance. Participate in projects and actively contribute to 
molecular modeling, protein structure prediction and optimization. Apply contemporary 
statistical and computational methods to protein centered studies. Coordinate cross 
functional projects and communicate with stakeholders to come up with innovative 
solutions. Build external visibility and maintain good publication record. 


Qualifications: Ph.D. in physics, bioinformatics, structural biology or related disciplines 
with>2yrs of post-doc training. Knowledge in a broad range of contemporary statistical 
methods for classification and prediction. Good understanding of antibody sequence 
and structure. Demonstrated computation skills, e.g. programming, and data mining. 
Hands-on experience with protein structure modeling softwares such as MODELLER, 
DOCK. Familiarity with Discovery Studio software suite is preferred. Ability and 
desire to work both independently and collaboratively in a dynamic, innovative, and 
interdependent research environment. Industrial experience is a plus. Excellent oral 
and written communication skills are essential. 


Senior Scientist/Principal Scientist(job code: BRC6167): High throughput 
protein expression, Molecular Biology Department 


Responsibilities: Play a primary role in establishing the automation platform and 
support various project needs via high throughput molecular cloning, mammalian cell 
transfection and protein expression. Supervise molecular design and expression aspects 
of research programs. Participate as protein expression expert in multiple projects. 
Propose and implement novel protein expression strategies that facilitate downstream 
high throughput protein purification and characterization. Apply innovative protein 
expression technologies and novel high-throughput solutions to conventional 
problems. Serve on teams to facilitate cross-project research initiatives. Coordinate 
the work of other scientists and oversee the work of Research Associates. Contribute 
to scientific publications, conference presentations and patent applications. 


Qualifications: Ph.D. in Molecular Biology or relevant discipline. Experience 
in biotech/pharmaceutical environment is a plus. Proven hands-on experience in 
automation and high throughput liquid handling of biological samples is integral to 
candidate's success. Familiarity with molecular cloning and mammalian cell culture 
techniques is required. Experience with display technologies such as phage, yeast 
or E.coli display is a plus. The ability to balance multiple priorities and timelines is 
expected. Must be a team player with pro-active behavior, strong oral and written 
communication skills. 


Senior Scientist/Principal Scientist (job code:BRC6168) : High throughput 
protein-protein interaction, Molecular Biology Department 


Responsibilities: Play a primary role in establishing the high throughput screening 
platform for protein-protein interaction at molecular level. Design and implement 
robust and cost-effective screening strategies. Identify and characterize novel protein- 
protein interaction. Work with automation and bioinformatics specialists to ensure 
streamlined integration of automated protein production, interaction screening, data 
collection and analysis. Participate as high throughput screening expert in multiple 
projects. Propose innovative strategy and apply state of the art technology to expedite 
the characterization of protein-protein interaction. Provide inputs in protein expression 
and purification to facilitate the screening. Communicate with stakeholders and 
collaborators on working progress and make recommendations. Supervise the work 
of Research Associate. Present own work at internal and external scientific meetings. 
Develop and maintain consistent publication record and external visibility. 


Qualifications: Ph.D. in relevant disciplines such as Molecular Biology or 
Biochemistry etc. Experience in biotech/pharmaceutical environment is a plus. Proven 
hands-on experience in high throughput screening of protein-protein interaction 
at molecular level is required. Knowledge in automation, protein expression and 
purification is a plus. Shown evidence of productive, independent contributions in 
science, as demonstrated by a strong publication record. Abilities to work in a team 
environment with strong interpersonal, organizational, supervisory and communication 
skills are expected. 


Title and compensation will be commensurate with the individual candidate’s 
qualifications. For detailed information regarding individual position, please send 
an inquire or application via e-mail to InfoNNST@novonordisk.com quoted with 
job code. 


Hi Cleveland Clinic 


EVERY LIFE DESERVES WORLD CLASS CARE 


‘a a Ea 
Clinical Investigator 
The Center for Clinical Research of the Cleveland Clinic Lerner Research 
Institute is seeking established Clinician-Scientists to develop and lead programs 
of clinical research in multiple disease-focused areas. The successful candidates 
will hold primary appointments within the Lerner Research Institute with the 
commitment of significant dedicated research effort and a co-appointment in the 
appropriate clinical department. These individuals will establish a program of 
human subjects research in close collaboration with physicians within the clinical 
department as well as basic and translational scientists in the Lerner Research 
Institute. Outstanding facilities, 60% institutional salary support, and generous 
start-up funds will be provided. Applicants should have an outstanding record of 
sustained, federally-funded human subjects research consisting of prospective 
clinical trials, epidemiologic studies, and/or outcomes research. Applicants 
should be at the Associate Professor or Professor level and would be eligible for 
appointment at the Case Western Reserve University School of Medicine. 


Cleveland Clinic is a not-for-profit multispecialty academic medical center that 
integrates clinical and hospital care with research and education. Outstanding 
clinical programs in cardiovascular disease, urology, cancer, digestive diseases, 
musculoskeletal disorders, etc. are consistently top-ranked by U.S. News and 
World Report. The Lerner Research Institute, with over 150 independent investi- 
gators in 11 basic or applied biomedical research departments and an annual 
budget of >$270 million, has administrative oversight of the >$100 million 
human subjects research program and a strong commitment to collaborative, 
multidisciplinary research. There are well-developed training programs for both 
postdoctoral fellows and doctoral students. 


Interested candidates should submit an application online by going 
to www.clevelandclinic.org and go to Cleveland Clinic Careers and search 
under Physician Opportunities. 


We are proud to be an equal opportunity employer. Smoke/drug free environment. 


Call for applications for 
FY2013 Foreign Postdoctoral Researcher (FPR) 
RIKEN, Japan 


RIKEN is one of Japan’s largest research organizations with institutes and centers 
in various locations. RIKEN carries out advanced basic and applied research in a 
wide range of fields, including physics, chemistry, medical science, biology, and 
engineering. 


RIKEN is now accepting applications for the position of Foreign Postdoctoral 
Researcher (FPR) for FY2013. This position is for young foreign scientists who have 
demonstrated creative and innovative ideas and who can be expected to achieve 
broad international recognition in the future. 


The FPR program will provide an opportunity for young foreign scientists to apply 
their creative and innovative ideas, under the direction of RIKEN’s laboratory heads, 
to research currently being conducted at RIKEN. 


Job Description Summary 
1. Number of openings: Around 18 
2. Qualifications: 
(1) Applicants should be non-Japanese citizens. 
(2) Applicants must have a PhD in the natural sciences awarded in or after 2007, 
or expect to be awarded a PhD by the date of hire. 
(3) Applicants must be able to start working at RIKEN within fiscal year 2013 
(April 1, 2013 to March 31, 2014). 
3. Contract duration: 
(1) From date of hire to March 31, 2014 
(2) This contract may be renewed for up to a maximum of 3 years. 
4. Remuneration: 
Salary is 487,000 yen per month. Commuting and housing allowances are also 
available. An annual research budget of 1 million yen will be allocated to the 
host laboratory. 


Send an email indicating your desire to apply for the position of FPR to RIKEN by 
Thursday, May 31, 2012. Reference material will be sent to those with an interest 


in applying. 


Application Deadline : 5pm on Thursday, May 31, 2012 (Japan Standard Time) 


Additional information on the program and application procedures is available at 
http://www.riken.jp/fpr/ 


FPR Desk, Global Relations Office, RIKEN2-1 Hirosawa, Wako, Saitama 351-0198, 
Japan, Fax: +81-48-463-3687, Email: fpr@riken.jp 


MAYO 
CLINIC 


Faculty Positions in Cardiovascular Regenerative Medicine 


online @sciencecareers.org 


Heal the sick, advance the science, share the knowledge. 


Mayo Clinic in Rochester, Minnesota seeks outstanding candidates for research faculty positions in the field of cardiovascular 
regenerative medicine, a strategic priority of the institution. This is a coordinated, multidepartment recruitment in fundamental and 
diseased-focused areas pertinent to stem cell biology (e.g., nuclear reprogramming, developmental biology, tissue bioengineering) 

as they apply to the broader fields of cardiovascular (heart and vascular repair) diseases. We also encourage candidates utilizing 
interdisciplinary approaches relevant to human disease with expertise in regenerative diagnostics or therapeutics. Candidates should 
hold an MD, PhD, MD/PhD or equivalent degree and have a demonstrated record of relevant research accomplishments as evidenced 
by their training, publications and peer review funding. Appointment and rank in an academic department will be determined based on 
the applicant’s qualifications. 


Mayo Clinic is an internationally renowned, integrated, multidisciplinary academic medical center with comprehensive programs in 
medical education and research with campuses in Rochester, Minnesota; Jacksonville, Florida; and Scottsdale/ Phoenix, Arizona. 
Mayo Clinic supports five schools spanning undergraduate, graduate, medical, postgraduate medical and continuing medical 
education, and has a vibrant research enterprise with programs in clinical, basic and population sciences. In 2008, the institution 
received more than $325 million in extramural research awards. 
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Mayo Clinic’s location in Rochester, MN, combines the ease of small city living with easy access to additional cultural and 
entertainment opportunities in nearby Minneapolis/St. Paul. Mayo Clinic offers a competitive salary, excellent benefits and has been 
recognized by Fortune magazine as one of the “100 Best Companies to Work For.” To learn more about Mayo Clinic and Rochester, 
MN, please visit www.mayoclinic.org/physician-jobs/ 


Interested candidates are invited to submit a cover letter, curriculum vitae, brief description of research plans and three letters of 
reference to: RegenerativeMedicinePositions@Mayo.edu 


Applications will be accepted until the positions are filled. 


Mayo Foundation is an affirmative action and equal opportunity educator and employer. Post offer/pre-employment drug screening is required. 


MAYO 
CLINIC 
Systems Pharmacologist (M.D. or Ph.D.) 


Center for Individualized Medicine 


Heal the sick, advance the science, share the knowledge. 


The Center for Individualized Medicine at Mayo Clinic is seeking an exceptional junior to mid-career investigator in the field of Systems Pharmacology. 
This career scientist position is a permanent investigator position with sustained intramural funding support. The Systems Pharmacologist will be 
expected to create a nationally/internationally recognized program of Systems Pharmacology research that will be competitive for extramural, peer- 
reviewed funding. The candidate will benefit from collaboration with colleagues at Mayo Clinic and elsewhere to utilize the rapidly growing, very 

large body of drug-related genomic, transcriptomic, proteomic and metabolomic data to enhance our understanding of mechanisms of drug action 
and variation in drug response phenotypes. Mayo is an ideal environment to build this type of research program as it houses one of the NIH-funded 
Pharmacogenomics Research Network Centers, an NIH-funded CTSA, an NIH-funded Comprehensive Cancer Center and a well-funded Center for 
Individualized Medicine. 


Credentials of a successful candidate will include recognition and experience in the field, and a strong track record of publication. The ideal 
candidate will have a strong desire to conduct state-of-the-art translational research related to mechanisms of drug action and variation in drug 
response phenotypes. 


Mayo Clinic is a premier academic medical center with over 3,800 physicians and scientists in a unified multi-campus system. This unique 
environment brings together the best in patient care, groundbreaking research and innovative medical education. Mayo Clinic offers a highly 
competitive compensation package with sustained intramural funding, outstanding laboratory facilities, capital equipment funding, technical and 
computational resources, and exceptional benefits. 


To apply and learn more, please visit www.mayoclinic.org/scientist-jobs/ and reference job posting number 10949BR. Scan this QR code with 


Applications should include a CV and a statement of research interests. Specific questions related to the posting should be evo obeaanh. 


directed to: y 
Richard Weinshilboum, M.D. [a] me [a] 
Center for Individualized Medicine L 

Chair, Search Committee ‘- 
Mayo Clinic 


ai 
E-mail: schilbe.jennifer@mayo.edu fe] ‘al | 


Mayo Foundation is an affirmative action and equal opportunity educator and employer. Post-offer/pre-employment drug screening is required. 
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DIRECTOR 
RIKEN Center for Developmental Biology 


eRIK=N 


RIKEN invites applications and nominations for candidates to succeed Dr. Masatoshi Takeichi 
as director of the RIKEN Center for Developmental Biology (CDB) in Kobe. 


The CDB is a world-leading research institute in the fields of developmental and regenerative 
science, with a range of fundamental research programs focused on molecular, cellular, tissue, 
and organismal approaches to embryonic development and the regeneration of adult tissues. 
Its mission is to develop greater insights into these processes, as well as potential applications 
in regenerative medicine. The Center provides a truly international, collegial, and supportive 
environment for its nearly thirty laboratories, and the freedom and resources to pursue their 
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Postdoctoral Fellow Position 


The Barrow Neurological Institute has a 
POSTDOCTORAL FELLOW positions avail- 
able in laboratory of Nader Sanai, M.D. at the 
Barrow Neurological Institute (Phoenix, AZ). 
Our laboratory investigates the neurobiological 
basis of neural and glial CNS progenitors (see 
Nature; 2004: Feb 19 and Nature; 2011: Oct 20), 
particularly in the context of brain tumors. We 
use molecular biology, histopathology, biochem- 


research toward deeper understanding of such phenomena. 


The new director of CDB will be an internationally distinguished scientist with a broad vision for 
the future of fundamental developmental biology. He or she will also have outstanding leadership 
skills and a consensual style to build upon the foundations laid by the present director. 


The director will be responsible for sustaining and further developing research excellence 
through strategic direction, recruitment and mentoring. He or she will work to enhance the 
international visibility and standing of CDB. In addition, the director will have the opportunity 


to develop a personal research program. 


Applications saved as PDF should be sent by email to RIKEN President NOYORI Ryoji at 
application2012@riken.jp, by May 15, 2012. Printouts and/or other electronic file formats 


will not be accepted. 

The application must include 

«A full Curriculum Vitae 

« A statement of achievements 

* A list of publications and awards 


* A statement of interest and proposal for the position (max. two pages). 
Further information about RIKEN and RIKEN CDB can be obtained at 


http://www.riken.go.jp/engn/index.html and http://www.cdb.riken.jp/en/index.html 
For inquiries, please contact Dr. Maki Kawai, chair of the Nomination Committee: application2012@ 


riken.jp. 


istry, tissue culture assays and mouse models to 
characterize stem and progenitor cells. Our work 
also extends into molecular imaging of neural 
precursors, applying high field-strength magnetic 
resonance spectroscopy through the Arizona State 
University Magnetic Resonance Research Center. 
The Barrow Neurological Institute is a transla- 
tionally-oriented basic science research facility 
located in Phoenix, Arizona and located adjacent 
to the state’s largest tertiary care hospital. It is in 
an urban center of academic, biotechnology, and 
pharmaceutical research, neighboring Arizona 
State University and the University of Arizona 
School Of Medicine The Sanai Laboratory is a 
member of the Barrow Brain Tumor Research 
Center. Initial appointment is for two years with 
the possibility of renewal. Interested candidates 
should e-mail a statement of research interests, 
CV and the names and contact information for 
three references to the e-mail address to Debbie 
-Nagelhout@bnaneuro.net and apply online at 
http://www.chwcareers.org. 


Affirmative Action/Equal Opportunity 
Employer. 


UNIVERSITY OF ILLINOIS 
COLLEGE OF MEDICINE AT PEORIA 


Associate Professor (Tenured) 


The Department of Cancer Biology and Pharmacology at the University 
of Illinois College of Medicine at Peoria seeks qualified candidates for 
the position of Associate Professor (tenured). Candidates must have a 
Ph.D. and/or M.D. degree, be actively engaged in an established, NIH- 
funded (R01) laboratory program in the area of cancer/cellular biology or 
molecular genetic research, and have substantial peer-reviewed publica- 
tions that demonstrate research productivity and the ability to perform 
cutting edge research. Preference given to applicants with experience 
ina specialized cancer research field (cancer epidemiology, cancer epi- 
genetics, cancer genomics, cancer immunology, radiation oncology, 
targeted drug therapy and delivery). Successful applications should also 
have teaching/mentoring experience in directing students, postdoctoral 
fellows, residents and/or junior faculty in research. Department provides 
highly competitive salary, benefits and lucrative start-up package. Avail- 
able facilities include a newly constructed 20,000 square foot dedicated 
research building with state-of-the-art laboratories. Department has a 
strong collaborative research environment in which laboratory space, 
expertise and equipment are freely shared, and many additional col- 
laborative opportunities in basic and clinical research are available 
within the University. 


For fullest consideration, please respond by May 13, 2012. Applicants 
should send curriculum vitae and the names and address of three 
references to: https://jobs.uic.edu/default.cfm?page=job&jobID= 
16780. 


The University of Ilinois is an 
Affirmative Action/Equal Opportunity Employer. 


w THE HONG KONG UNIVERSITY OF SCIENCE AND TECHNOLOGY 


Division of Life Science 
Faculty Positions 


HKUST is a publicly-funded research university with strong graduate programs. 
The Division of Life Science (http://life-sci.ust.hk/) was established in 2010 
through the integration of the Departments of Biochemistry and Biology with 
the goal of raising life science teaching and research at HKUST to a new level 
of excellence. The Division currently has 29 faculty members representing a 
broad range of significant expertise including cellular regulation and signalling, 
cancer biology, developmental biology, molecular and cellular neuroscience, 
macromolecular structure and function, marine and environmental science, 
and biotechnology and medicinal biochemistry. This newly formed Division 
is expected to grow substantially in terms of academic staff, programs, 
resources and facilities in the next five years. 


Applications are invited for two tenure-track positions at Assistant Professor 

and Associate Professor ranks, specifically in the following areas: 

(a) Developmental Biology/Immunology: candidates using model organisms 
such as fly, worm and zebrafish are preferred; 

(b) Environmental Biology/Marine Biology/Ecology: candidates working on 
the marine environments at the organismic level or above are preferred. 


Applicants of exceptional qualifications and prominence at full Professor rank 
in areas that complement and enhance existing strengths of the Division will 
also be considered. The appointees are expected to establish an internationally 
competitive independent research program. Teaching responsibilities include 
undergraduate and postgraduate courses. 


Starting salary will be commensurate with qualifications and experience. Fringe 
benefits including medical/dental benefits and annual leave will be provided. 
Housing benefits will also be provided where applicable. Initial appointment will 
normally be on a three-year contract, renewable subject to mutual agreement. A 
gratuity will be payable upon successful completion of contract. 


Applications indicating the areas of expertise [in area (a) or (b) as listed above], 
together with a curriculum vitae, a short statement on research interests and the 
names and addresses of three referees should be sent to the Chair of the Life 
Science Search and Appointments Committee (Prof. Yung Hou Wong), c/o 
The Secretary of LIFS S&A Committee, Division of Life Science, The Hong 
Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong 
Kong (email: lifssearch@ust.hk) before 30 April 2012. Review of applications will 
start in May 2012 and will continue until the positions are filled. 


(Information provided by applicants will be used for recruitment and other employment-related purposes.) | 


UCL Research Department of Structural & Molecular Biology 


Institute for Structural and Molecular Biology (ISMB) 
Lecturer in Metabolism or Metabolic Diseases 


The appointment will be full time on UCL Grade 8. The salary range will be £39,818 - £46,972 per annum, inclusive of London Allowance. 


The Institute for Structural and Molecular Biology (ISMB) is seeking applications to fill a lectureship in the area of Metabolism or Metabolic 
Diseases. We are particularly interested (but not limited to) in the interaction of the commensal (symbiotic) microbiota and the host and the 
impact this has on metabolism of the host in areas such as energy metabolism, homeostasis and the immune system. We are also interested in 
metabolomics, the understanding of metabolism at the metabolite and enzyme level, and the integration of metabolism in the whole organism. 


online @sciencecareers.org 


The ISMB (www.ismb.lon.ac.uk) is a centre of excellence, which jointly consists of the Department of Biological Sciences at Birkbeck College 
and the Research Department of Structural & Molecular Biology at University College London (UCL). The Institute provides a scientific 
environment conducive to world-class research in the field of biomolecular science. Work at the Institute seeks to integrate the cell and 
molecular biosciences to investigate the molecular basis of human diseases. 


The ISMB wishes to fill this post by September 2012. 


We want to recruit an outstanding individual who is capable of developing world-class, interdisciplinary research in the chosen subject. The 
successful candidate should have a PhD in a subject related area and have a demonstrated capability to initiate and conduct leading-edge 
research, enthusiasm for teaching and the determination to make a positive impact as part of a team. The postholder will be expected to make 
an appropriate contribution to the affiliated departments’ portfolios of graduate and undergraduate teaching. 


For further details about the vacancy and how to apply online please go to http://www.ucl.ac.uk/hr/jobs/ and search on Reference Number 
1242957. 


You should include an account of your current research activities along with a plan of future research intentions. 


Science Careers 


If you have any queries regarding the application process, please contact Jeremy Guyer, email: jeremy.guyer@ucl.ac.uk, tel: 020 7679 3456. The 
Head of the ISMB, the UCL Research Department of Structural and Molecular Biology and of the Birkbeck Department of Biological Sciences is 
Professor Gabriel Waksman. He can be contacted informally for general information (email: g.waksman@ucl.ac.uk or g.waksman@bbk.ac.uk). 


Closing Date : 15th May 2012 
Latest time for the submission of applications 5 pm 
Interview Date : 14th June 2012 


UCL Taking Action for Equality 


ey Birkbeck | We | 


UCL Research Department of Structural & Molecular Biology 


eS Institute for Structural and Molecular Biology (ISMB) 
Lecturer in Synthetic Biology 


The appointment will be full time on UCL Grade 8. The salary range will be £39,818 - £46,972 per annum, inclusive of London Allowance. 


The Institute for Structural and Molecular Biology (ISMB) is seeking applications to fill a lectureship in Synthetic Biology. This includes but is not 
limited to the design and synthesis of new functions, the construction or reprogramming of molecular nanomachines, the de novo design of new 
pathways and cellular networks, and the design of genomes and artificial cells. 


The ISMB (www.ismb.lon.ac.uk) is a centre of excellence, which jointly consists of the Department of Biological Sciences at Birkbeck College 
and the Research Department of Structural & Molecular Biology at University College London (UCL). The Institute provides a scientific 
environment conducive to world-class research in the field of biomolecular science. 


The ISMB wishes to fill this post by September 2012. 


We want to recruit an outstanding individual who is capable of developing world-class, interdisciplinary research in the chosen subject. 

The successful candidate should have a PhD in a subject related area and have a demonstrated capability to initiate and conduct leading-edge 
research, enthusiasm for teaching and the determination to make a positive impact as part of a team. The postholder will be expected to make 
an appropriate contribution to the affiliated departments’ portfolios of graduate and undergraduate teaching. We have recently established a 
Masters course in Synthetic Biology at UCL (MRes in Synthetic Biology) and a Network in Synthetic Biology funded by 4 UK Research Councils. 


For further details about the vacancy and how to apply online please go to http://www.ucl.ac.uk/hr/jobs/ and search on Reference Number 1242962. 


If you have any queries regarding the application process, please contact Jeremy Guyer, email: jeremy.guyer@ucl.ac.uk, tel: 020 7679 3456. The 
Head of the ISMB, the UCL Research Department of Structural and Molecular Biology and of the Birkbeck Department of Biological Sciences is 
Professor Gabriel Waksman. He can be contacted informally for general information (email: g.waksman@ucl.ac.uk or g.waksman@bbk.ac.uk). 


Closing Date: 15th May 2012 
Latest time for the submission of applications 5 pm 
Interview Date: 15th June 2012 


UCL Taking Action for Equality 


Birkbeck RTT. a 


online @sciencecareers.org 
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® UNIVERSITY OF A world of opportunities 
> CAMBRIDGE www.cam.ac.uk/jobs/ 


The Professorship of 
Sustainable Reaction 
Engineering 


The Board of Electors to the Professorship of Sustainable 
Reaction Engineering invite applications from persons whose 
work falls within the general field of the Professorship to 
take up appointment on 1 October 2012 or as soon as 
possible thereafter. 


Further information is available at: www.admin.cam.ac.uk/ 
offices/academic/secretary/professorships/ or contact the 
Academic Secretary, University Offices, The Old Schools, 
Cambridge, CB2 1TT, (email: ibise@admin.cam.ac.uk), to 
whom a letter of application should be sent, together with 
details of current and future research plans, a curriculum 
vitae, a publications list and form CHRIS/6 (parts 1 and 3 
only) with details of three referees, so as to reach him no 
later than Friday 4 May 2012. 

Informal enquiries about this Professorship may 

be directed to Professor Nigel Slater, Head of the 
Department of Chemical Engineering & Biotechnology, 
Cambridge, telephone +44 (0)1223 762953 or email 
nkhs2@cam.ac.uk. 


The University is committed to Equality of Opportunity. 


DBT-ICGEB Centre for Advanced Bio-Energy Research 


International Centre for Genetic Engineering and Biotechnology, 
New Delhi 


The Department of Biotechnology (DBT), Govt of India and International 
Centre for Genetic Engineering and Biotechnology (ICGEB) have jointly 
set-up a collaborative centre to perform cutting-edge research in the field of 
bioenergy using genomics, metagenomics, synthetic biology and systems 
biology approaches. The collaborative centre is seeking applications for the 
tenure track positions of Team Leaders and Research Scientists to derive bio- 
energy research in an independent and collaborative manner. The successful 
candidates would be leading a team of research personnel to fulfill various 
objectives of the Bioenergy Centre, including cellulolytic degradation of plant 
biomass, engineering microbes for consolidated bioprocessing, engineering 
algae for higher lipid and biomass yield, and engineering microbes for advanced 
biofuel production. 


Team Leader (3) — The successful candidate must have a PhD degree in 
biological sciences/engineering/biotechnology with minimum 5 years research 
experience demonstrating outstanding record of research publications and ability 
to perform independent research. Research expertise in the specific areas with 
respect to Centre’s objective would be required. 


Research Scientist (1) - The successful candidate must have a PhD degree in 
biological sciences/engineering/biotechnology with minimum 3 years research 
experience demonstrating outstanding record of research publications. Research 
experience in the field of bio-energy would be an added advantage. 


Project Manager/Research Scientist (1) - The successful candidate must 
have a PhD degree in biological sciences/engineering/biotechnology with 
experience in patent handling and project management. The selected candidate 
would be coordinating the team leaders and other scientists in managing the 
project, compiling the intellectual properties (IPs) and interacting with relevant 
industries for exploiting the IPs. 

Application to the above posts along with latest curriculum vitae including list 
of publications and names and addresses of three referees should be sent to: 
Dr Syed Shams Yazdani, Coordinator, DBT-ICGEB Centre for Advanced 
Bio-Energy Research, International Centre for Genetic Engineering and 
Biotechnology, Aruna Asaf Ali Marg, New Delhi — 110067, India 

(email: dbt.icgeb.centre@gmail.com) latest by April 25th, 2012. 


The RIKEN Initiative 
Research Unit Program 
Unit Leader 
nik=H 
Targeted Research Areas: 
Research field is not specified. We require the 
applicant to pioneer his or her own curiosity- 


driven, internationally-oriented interdisciplinary 
research field. 


Contract Period: Maximum of five years 

Upon completion of the initial five-year term and 
following a midterm evaluation, the unit leader 
may be recommended for a limited-term Pl 
position, or a permanent PI position as Associate 
Chief Scientist, allowing continuation of research, 
if desired. 


Remuneration and Allowances, Research 
Budget: 

(1) Salary will be 10.9 million yen/year (pre-tax) 
and commuting and housing allowances will be 
provided as per RIKEN policy. 

(2) A research budget of approximately 38.5 
million yen/year from which the unit leader is 
expected to recruit and hire several research 
and technical staff persons will be provided. 
Depending on the circumstances, the first year 
budget may be supplemented with 10 million yen 
as startup funds. 


Application Deadline: 5 pm on June 29, 2012, 
Japan Standard Time 


Details can be found at: 
http://www.riken.jp/iru/ 


If you have questions regarding application, 
please send an email to iru@riken.jp 


MAX-PLANCK-INSTITUT FUR 
BIOPHYSIKALISCHE CHEMIE 


KARL-FRIEDRICH-BONHOEFFER-INSTITUT 
GOTTINGEN 


The research group Electron Paramagnetic Resonance 
(EPR) spectroscopy at the Max Planck Institute for 
Biophysical Chemistry, Gottingen, Germany is offering 
two 


Postdoctoral Positions 
(Code Number 08-12) 


in the field of advanced EPR spectroscopy and 
dynamic nuclear polarization. The work includes 
collaborative research within the research groups at 
our institute and at the international level. The successful 
candidates should have a PhD degree in Physics or 
Chemistry. An academic record in the field of magnetic 
resonance (EPR or NMR) is desired. The laboratory 
is equipped with state-of-the-art EPR spectrometers at 
frequencies from 9 up to 263 GHz, as well as capabilities 
for double resonance techniques (ENDOR, PELDOR 
and DNP) and optical excitation. For additional 
information please refer to: 
www.mpibpe.mpg.de/english/research/ags/bennati 


The positions will be available from September 2012. 
Payment will be according either to the MPI postdoctoral 
fellowships or to the German TV6D standard. 


The Max Planck Society is trying to increase the 
percentage of women on its scientific staff and strongly 
encourages applications from qualified women. The 
Max Planck Society is committed to employing more 
handicapped individuals and especially encourages 
them to apply. 


Please send your application with reference to the 
code number 08-12 via e-mail to: 
office.bennati@mpibpc.mpg.de 


Max-Planck-Institute for 
Biophysical Chemistry 
Prof. Dr. Marina Bennati 
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Career Feature: May 4 
Reserve your ad by April 17 
to guarantee space. 
Ads accepted until April 30 if space is still available. 


This feature examines three such 
areas —San Francisco, San Diego, and 
Seattle—each with its distinct history, 
personality, and area of focus—all 
competing for the best scientific talent. 


e Reach 700,000 readers worldwide 


e Bonus distribution to the American 
Society of Gene and Cell Therapy. 


To book your ad: 
E-mail: advertise@sciencecareers.org 


Or telephone us: 

US: 202-326-6582 

Europe/RoW: +44 (0) 1223 326500 
Japan: +81-6-6627-9250 
China/Korea/Singapore/Taiwan/ 
Thailand: +86-1367-1015-294 


Faculty and Postdoctoral Positions at Center for Life Sciences 


CENTER FOR 


LIFE SCIENCES Applications are invited for Principal Investigator (PI) and Postdoctoral positions at Center for Life Sciences 


(http://www.cls.edu.cn/english/). 


As a pilot program of the National Plan for Education Development and Reform, Center for Life Sciences aims to combine excellence in 
research and education. We are recruiting scientists with the best potential to carry out creative research of long-term significance in the life 
sciences. Positions are open at all ranks from Assistant, Associate, Full Investigatorship, to Postdoctoral positions. 


The Center of Life Sciences, Peking University side is looking for the 
best researchers in life sciences regardless of specific areas of research, 
although our relative emphasis will be in bioinformatics, cancer 
researches, epigenetics, cell biology, chemical biology, computational 
biology, human genetics, genetics, genomics, molecular medicine, 
molecular neuroscience and cognitive neuroscience, modern imaging, 
physiology, plant biology, synthetic biology, and systems biology. 


Each PI holds a joint appointment in one of the departments 
or schools at Peking University (such as Chemistry, Computer 
science, Engineering, Life Sciences, Mathematics, Medical School, 
Physics and Psychology) where the PI will hold a tenure track or 
tenured position. Contact person for PI positions: Ms. Fangmin 
Li (gsmkyb@pku.edu.cn) For Postdoc positions: Ms. Siyuan 
Gong(clsbsh@ctb.pku.edu.cn) 


Each PI holds a joint appointment in one of the departments or schools at 
Tsinghua University, including but not limited to Chemistry, Computer 
Science, Information Technology, Life Sciences, Mathematics, Medicine, 
Physics, Psychology, Public Health and all engineering departments/ 
schools, where the PI will hold a tenure-track or tenured position. 


In Tsinghua University, scholarship is our top consideration regardless 
of specific areas of research, although some emphasis will be given 
to systems biology, developmental biology, cancer research, cellular 
biochemistry, computational and system neuroscience, microbiology 
and virology, immunology, plant molecular biology, and all inter- 
disciplinary research areas that engage life sciences. Contact person 
for PI positions: Ms. Jiang Yi (yijiang@biomed.tsinghua.edu.cn) 
For Postdoc positions: Ms. Hong Zhang (zhanghong@biomed. 
tsinghua.edu.cn) 


Center of Life Sciences offers a stimulating and interdisciplinary research environment, outstanding core research facilities, and internationally 
competitive packages for both PI and postdoctoral researchers. Award-winning kindergartens and exceptional elementary schools will be 
available to the children of all PIs and postdocs. Applications from both Chinese and non-Chinese nationals will be evaluated on an equal 
opportunity basis. 


Please send your application materials (a cover letter, a CV, a brief summary of past research accomplishments, and a brief description of your 
future research plan) in a single PDF file to the contact person. For postdoc applicants, please indicate in your cover letter 1 or 2 laboratories 


as your intended host. The research areas of all PIs can be found at http://www.cls.edu.cn/english/Principallnvestigator/. 


FACULTY POSITION AVAILABLE 
IN VISION SCIENCE 


The UCLA Jules Stein Eye Institute and Department of Ophthalmol- 
ogy invite applications for an outstanding basic vision scientist at the 
Assistant Professor or Associate Professor level. The candidate will join 
a dynamic community of vision scientists working on a wide range of 
problems using biochemical, biophysical, genetic, cell biological and 
physiological approaches. Excellent laboratory space and start-up pack- 
ages will be available. 


Interested applicants should send curriculum vitae, the names of three 
professional references and a statement of scientific interest to: 

Gabriel Travis, M.D. or 

Wayne Hubbell, Ph.D. 

Co-Chairs of Search Committee 
Jules Stein Eye Institute 
100 Stein Plaza 
Los Angeles, CA 90095-7000 


The UCLA Jules Stein Eye Institute and Department of 
Ophthalmology are an affirmative action, equal opportunity 
employer. The Department is particularly interested in candidates 
who have experience working with trainees of diverse backgrounds 
and a demonstrated commitment to improving access to healthcare. 
Candidates should describe previous activities mentoring women, 
minorities, students with disabilities, and other under-represented 
groups. The University of California is responsive to the needs of dual 
career couples. 


FEEDING 9 BILLION PEOPLE 


WE NEED YOUR SKILLS 


INRA, ACCESSIBLE 
TO ALL AMBITIONS 


As part of its Human Resources policy, INRA recruits on 
project scientists with disabilities, in connection with the 
strategic areas of the Institute. These future profiles are 
invited to join our research units invested in scientific 
challenges of tomorrow. 

To apply, please download the application 

form available on our website www.inra.fr, 

under Les hommes & les femmes 
Rejoignez-nous/Devenir chercheur a 

l'Inra. 


Applications 
until June 1* 


www.inra.fr 


FOOD AND NUTRITION 


AGRICULTURE 


targeted 
research 


ENVIRONMENT 


orc.fr - Copyright: Gettylmages 


online @sciencecareers.org 
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POSITIONS OPEN 


POSTDOCTORAL FELLOW POSITIONS 
Northwestern Feinberg School of Medicine 
Neurology 

Postdoctoral positions are available on July 1, 2012 
in a newly relocated laboratory at Northwestern Uni- 
versity to study molecular signaling and tumor biology 
of human cancers. For recent publications, see website: 
http://path.upmc.edu/personnel /Faculty/ChengSY. 
htm. Self-motivated candidates with a Ph.D. degree in 
molecular biology with strong publications and expe- 
rience of in vivo tumor models send the following 
materials: (1) current curriculum vitae and list of pub- 
lications, (2) brief statement of career interests, and (3) 
contact information of three references to: Shi-Yuan 
Cheng, Ph.D., Department of Neurology, North- 
western University Feinberg School of Medicine, 303 
East Chicago Avenue, Chicago, IL USA. E-mail: 
chengshiyuan2005@yahoo.com. Northwestern University 
is an Affirmative Action/Equal Opportunity Employer. Hiring is 
contingent upon eligibility to work in the United States. Women and 
minorities are encouraged to apply. 


ASSISTANT /ASSOCIATE PROFESSOR of 
Veterinary Toxicology in the 
College of Veterinary Medicine 

The Department of Comparative Biosciences, 
College of Veterinary Medicine at the University of 
Illinois at Urbana-Champaign (website: http: // 
vetmed.illinois.edu/cb/) invites applications for 
a tenure-track position at the assistant or asso- 
ciate professor level, depending upon applicant 
qualifications. The candidate will be expected to 
teach toxicology in the professional and graduate 
programs. The candidate is also expected to de- 
velop a strong research program in an area broad- 
ly encompassing toxicological sciences, including 
but not limited to environmental, developmental, 
endocrine, reproductive, and neurotoxicology. 

The position is a full-time, nine-month appoint- 
ment, available as early as August 2012. Candi- 
dates must possess a D.V.M. (or equivalent) and 
Ph.D. (or equivalent). Salary and rank will be com- 
mensurate with qualifications. Board certification 
by the American Board of Toxicology or American 
Board of Veterinary Toxicology and/or experi- 
ence in diagnostic toxicology consultation would 
be a plus. 

Qualified applicants should electronically sub- 
mit a cover letter, a statement of research inter- 
est and teaching experience, curriculum vitae, 
and contact information for three references to 
(website: https: //jobs.illinois.edu). To ensure 
full consideration, applications must be received 
by May 15, 2012. 

For inquiries, contact Dr. Jodi Anne Flaws, 
search chair, at e-mail: jflaws@illinois.edu or 
telephone: 217-333-7933. 

The University of Illinois and Champaign- 
Urbana area provide a world-class research and 
teaching institution located in a micro-urban, 
highly educated, family oriented community with 
numerous cultural and entertainment options 
both locally and within an easy drive to major 
metropolitan areas. 

The University of Illinois is an Affirmative Action/ 
Equal Opportunity Employer and welcomes individuals 
with diverse backgrounds, experiences, and ideas who em- 
brace and value diversity and inclusivity (website: 
http://www. inclusiveillinois.illinois.edu). 
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POSITIONS OPEN 


ASSISTANT /ASSOCIATE PROFESSOR of 
Comparative Anatomy in the 
College of Veterinary Medicine 

The Department of Comparative Biosciences, 
College of Veterinary Medicine at the University of 
Illinois at Urbana-Champaign (website: http:// 
vetmed.illinois.edu/cb/) invites applications for 
a tenure-track or a clinical-track position, depend- 
ing upon applicant qualifications and interest, 
at the assistant or associate professor level. The 
candidate will be expected to contribute to teach- 
ing anatomy in the veterinary professional cur- 
riculum. We seek candidates with demonstrable 
teaching experience in comparative anatomy; un- 
derstanding of anatomical concepts of clinical 
relevance to veterinarians will be a plus. The can- 
didate is also expected to develop a strong inde- 
pendent or collaborative research program in an 
area broadly encompassing biological sciences 
including but not limited to developmental bi- 
ology, reproductive sciences, neuroscience, phar- 
macology, and toxicology. 

The position is a full-time, nine- or 12-month 
appointment, available August 2012. Candidates 
must possess a D.V.M. and/or Ph.D. or equiv- 
alent. Salary and rank will be commensurate with 
qualifications. 

Qualified applicants should electronically sub- 
mit a cover letter, a statement of research inter- 
est and teaching experience, curriculum vitae, 
and contact information for three references to 
(website: https: //jobs.illinois.edu). In order to 
ensure full consideration, applications must be 
received by May 15, 2012. 

For inquiries, contact Dr. Indrani Bagchi, 
search chair, at e-mail: ibagchi@illinois.edu or 
telephone: 217-333-7986. 

The University of Ilinois is an Affirmative Action/ 
Equal Opportunity Employer and welcomes individuals 
with diverse backgrounds, expenences, and ideas who em- 
brace and value diversity and inclusivity (website: 


http://www. inclusiveillinois.illinois.edu). 


ASSOCIATE OR FULL PROFESSOR 
Department of Anesthesiology 
University of Florida 


The Department of Anesthesiology at the Uni- 
versity of Florida is recruiting for a prominent 
Ph.D. neuroscientist for a tenure or non-tenure- 
track Associate or Full Professor. Applicants should 
currently have significant federal funding, includ- 
ing being Principal Investigator on one or more 
NIH grants of the ROI, P or U series that com- 
plement existing clinical interests in chronic pain. 
Focus areas may include changes in ion channels 
leading to congenital analgesia, channel muta- 
tions resulting in extreme pain disorders, other 
electrophysiological disorders, etc. Via these skill 
sets, the successful applicants will directly partic- 
ipate and foster neuro-related basic and clinical 
research, a strategic area of interest to the College 
of Medicine and University. In addition, the ap- 
plicant should be integrated into the national net- 
work of pain researchers studying these phenomena. 
The anticipated start date of this position is July 1, 
2012. Interested individuals should respond by 
April 29, 2012, please send your curriculum vitae to: 
Mary Ann Hoyt, Office Manager, Department 
of Anesthesiology, PO Box 100254, Gainesville 
FL 32610-0254 or to e-mail: mhoyt@anest.ufl. 
edu. An Equal Opportunity Institution. 


POSITIONS OPEN 


CURATOR OF VERTEBRATE 
Paleontology 
Carnegie Museum of Natural History 


Carnegie Museum of Natural History (CMNH) in 
Pittsburgh, Pennsylvania invites applications for a full- 
time assistant or associate curator having expertise in 
the paleobiology of vertebrates. Scholars with research 
interests in phylogenetic systematics, functional anat- 
omy, biogeography, biostratigraphy, and/or faunal 
studies are especially encouraged to apply. The suc- 
cessful candidate is expected to develop externally funded 
research programs utilizing the Museum’s outstanding 
collection of fossil vertebrates. A strong interest in the 
Museum’s programs in exhibition, science education, 
and public outreach is also required. For further in- 
formation regarding CMNH, its Vertebrate Pale- 
ontology collection, and other current initiatives, please 
visit the Museum’s website: http://www.carnegiemnh. 
org. For full information on this position and to sub- 
mit application (in one combined file: cover letter, full 
curriculum vitae with publication list, statement of re- 
search, statement science education and outreach, and 
contact information of three references), please see 
website: http://www.carnegiemuseums.org/hr. 
Review of applications will begin on May 1, 2012. 
CMNH is one of four museums of Carnegie Museums of 
Pittsburgh, an Equal Opportunity Employer. 
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